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CHAPTER I 
 
 
INTRODUCTION 
 
The work reported here revolves primarily around the development of a novel control scheme for a lower-
limb exoskeleton. The controller is described in full in the following pages which walk through the iterative 
development path that was followed in the controller’s design and implementation. For reasons of clarity 
when discussing multiple control schemes, the novel control methodology detailed in this dissertation will 
be referred to as the non-trajectory-based controller (NTB controller). The remainder of the research 
presented was performed in order to evaluate the efficacy of the NTB controller in restoring gait 
functionality in subjects with gait impairment as the result of a stroke or cerebrovascular accident. The NTB 
controller is designed such that it could be implemented on any exoskeleton with backdrivable, 
independently-actuated (i.e. not kinematically linked) hip and knee joints. The Vanderbilt Exoskeleton (or 
Indego Exoskeleton) is particularly well suited to the application of this controller due to the system’s 
highly backdrivable joints and lightweight nature. For these reasons, the NTB controller has (as of this 
writing) been implemented exclusively on these exoskeletons. A body of research has been compiled on 
the exoskeleton’s functionality for spinal cord injured users [1-10], and without the work of Dr. Ryan Farris, 
Dr. Hugo Quintero, Dr. Kevin Ha, and Dr. Michael Goldfarb, this work would not be possible.  
 The field of rehabilitation robotics is one which has seen dramatic advancements in recent years, 
including the development of numerous robotic aids intended specifically for gait therapy. As such, it is 
necessary to clearly outline both the importance of robotically-assisted gait therapy and the novelty of the 
newly developed NTB controller. For that reason, the remaining sections of this chapter explore the impact 
of gait impairment as the result of stroke, as well as the numerous control methodologies of the existing 
gait-rehabilitation robots.  
 Chapters II through V of the document are comprised of the published works documenting the 
development of the NTB controller and the work done in evaluating the NTB controller’s efficacy. These 
represent the original contributions of this dissertation. Chapter II describes preliminary work in reducing 
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the impact of the passive dynamics of a wearable exoskeleton on the user. The manuscript in the chapter 
was presented at the 2012 Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society (EMBC 2012). Chapter III presents work which analyzed the correlation of physiological 
signals with task engagement in a multi-limb coordinated motor-learning task. A version of the manuscript 
describing preliminary results was presented at the 2015 Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society (EMBC 2015). A version of the manuscript with the complete 
results is in preparation for publication. This latter, complete version is included in this document. Chapter 
IV presents a full description of the NTB controller and the results of a preliminary study to evaluate the 
efficacy of the controller in restoring gait functionality to users. This manuscript was published in the 3rd 
issue of the 24th volume of the IEEE Transactions on Neural Systems and Rehabilitation Engineering. 
Chapter V presents a crossover study which compared the efficacy of the NTB controller to the efficacy of 
both a trajectory-based controller and physical therapist assistance without an exoskeleton (i.e. conventional 
overground gait therapy). This last manuscript has been submitted for publication in the IEEE Transactions 
on Neural Systems and Rehabilitation Engineering. Chapter VI offers an analysis and summary of the 
contributed works. Where applicable, the chapters offer additional information not in the original 
manuscripts to offer context for their inclusion in this dissertation.  
    
Cerebrovascular Accident 
 
Cerebrovascular accident (CVA) is the fourth leading cause of death in the United States, and also one of 
the leading causes of chronic disability, with an incidence of over 600,000 first-time strokes each year. 
Although present at higher rates (nearly 14%) in elderly populations, CVA is not a geriatric disease, with 
incidence as high as 0.5% in people under the age of 40, and 2.1% in those aged 40-59. Estimates from the 
American Heart Association suggest as many as 6.8 million Americans have incurred a CVA in their 
lifetime [11].  CVA occurs when a portion of the brain is permanently damaged due to either diminished 
blood flow (ischemic CVA) or a ruptured blood vessel in the brain (hemorrhagic CVA). The damage to the 
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brain results in a wide range of cognitive and motor impairments, but a frequent effect is hemiparesis, or 
partial paralysis of one side of the body. Hemiparesis affects 50% of the individuals who have incurred 
CVA. While facial and upper-limb paresis have their own implications for quality of life, lower-limb issues 
in particular leave over 150,000 people annually unable to walk unassisted [11], with many more requiring 
gait therapy to restore the ability to walk. Loss or impairment of gait functionality has the immediate impact 
of reducing a person’s independence by limiting their ability to perform activities of daily living (ADLs). 
Other effects are less direct but affect quality of life nonetheless. Slower walking speeds have been linked 
with reduced physical activity [12]; an increased risk factor for recurrent stroke [11]; and reduced social 
activity, which increases the likelihood of post stroke depression [13].  Gait speed is also commonly used 
to estimate a subject’s ability to ambulate within the household or within the community and as such is 
used as a measure of functional improvements in gait during the rehabilitation process [14]. With these 
factors in mind, gait improvements are a high priority for both physical therapists and CVA patients, 
ranking first in patient-reported rehabilitation goals [15].  Unfortunately, in spite of awareness that CVA 
rehabilitation is a high priority, the number of patients receiving outpatient therapy after CVA is estimated 
to be lower than prescribed [11], suggesting not all who need care receive it. Additionally, there is no single 
therapeutic intervention which is agreed upon as the most effective form of gait rehabilitation. Indeed, as 
discussed below, the deeply-heterogeneous nature of stroke impairment has led not only to a large number 
of disparate interventions, but to a large number of disparate efficacy measures as well.  
 
Post-Stroke Gait-Training Interventions 
 
Gait therapy interventions have historically been motivated by the knowledge that there is a large increase 
in neuroplasticity in the period following brain injury (including CVA). There is evidence of neural 
sprouting [16], synaptogenesis (formation of new synapses between neurons) [16], dendritic branching [17], 
and reorganization of existing motor-neuron axons [18] occurring immediately after injury. During this 
period, the brain can form new connections that can help restore some portion of lost functionality. The 
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philosophy of how to best stimulate this plasticity has sometimes been summarized as “who wants to regain 
walking has to walk” [19], or simply, practicing walking is important when relearning to walk. Therefore, 
it has long been the goal of physical therapists (PTs) to have patients practicing walking as soon as possible 
after CVA in order to take advantage of any acute brain plasticity. This consists of conventional 
interventions like lower-limb strength training, balance exercises, and PT-assisted overground gait. 
Conventional therapy (CT) like this is advantageous as it relies only minimally on equipment but, 
depending on the therapy, may be physically strenuous and/or non-ergonomic for PTs. Overground gait 
training typically consists of a single patient attempting to walk while one PT helps the patient maintain 
balance, and a second PT crouches or kneels to help provide stance-knee stability and proper foot clearance 
in swing. The therapy thus requires multiple PTs per patient, and is physically taxing for the therapists, 
typically resulting in shorter session durations and fewer gait-cycle repetitions per session. Despite these 
shortcomings, there is evidence to suggest that CT of this type provides functional improvements in patients 
recovering from CVA [20-22]. Further, some studies have reported a reduced number of falls and lower 
incidence of faintness or dizziness in patients who participated in at-home strength and balance training 
exercises, relative to patients who participated in body-weight-supported treadmill training (discussed 
below) [23]. The same study reported an equal recovery of balance and walking ability in subjects, 
regardless of intervention style, suggesting that CT had significant benefits relative to body-weight-
supported treadmill training. Positive results like these, coupled with the relatively small equipment 
requirements, make CT a popular approach to gait rehabilitation.    
Despite its popularity, CT is not well suited for some situations. In order to best leverage acute 
brain plasticity, patients should begin practicing gait as soon as possible after CVA. Despite this, many 
patients remain nonambulatory for days or weeks after the stroke. Body-weight-supported treadmill training 
(BWSTT) enables many patients to begin walking earlier by supporting a fraction of their mass via an 
overhead harness. With an effectively reduced mass, patients are able to practice walking before they are 
able to support their own weight. Further, the intervention is somewhat less demanding for PTs. Although 
typically still requiring two to three therapists per patient, the weight reduction and balance assistance 
5 
 
provided by the overhead harness allows the PTs to focus on lower-limb kinematics. Because of this, more 
gait-cycle repetitions may be performed in a single BWSTT session than in a CT session of equivalent 
length.  
BWSTT systems started emerging in the mid-nineties, when several studies demonstrated some 
efficacy in restoring walking ability to nonambulatory patients, and have remained in use for the last two 
decades [24-27]. It is also worth mentioning that split-belt treadmill systems, which require a patient to 
walk at different speeds with each leg, have been shown to improve step-length symmetry in patients 
walking with or without body-weight support [28-30]. More recently, BWSTT has been linked to an 
increased number of falls [23], and in a large-scale randomized clinical trial, has not been shown to produce 
improved functional outcomes relative to conventional overground training [31]. The increased incidence 
of falls is unsurprising. It has been established that patients who receive walking training without balance 
training are at a higher risk for falls than those who practice balance in addition to walking [32].  While the 
overhead harness in BWSTT alleviates a patient’s load, it also creates an artificial stabilizing force which 
removes the burden of maintaining balance from the patient, potentially hampering their balance recovery. 
In spite of these shortcomings, the ability to offer patients recovering from CVA the chance to practice gait 
before regaining ambulatory capability has kept BWSTT a relevant and popular intervention option.  
 
Robotic-Assisted Interventions and Associated Control Methodologies 
 
 In addition to CT and BWSTT, recent technological advancements have enabled the development of 
robotic-assisted gait training (RAGT) systems, which began to emerge around the year 2000. RAGT 
systems are advantageous in that they reduce the need for PT assistance. Where BWSTT can require up to 
three PTs to assist with limb movement and system operation, RAGT typically removes PTs from a patient-
assistive role and places them in a supervisory position, requiring only one therapist to monitor the session. 
Although the control methodologies vary considerably, the state-of-the-art systems nearly all rely on 
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trajectory-based control to guide a user’s limbs through a kinematic path. The differentiating components 
of each control strategy are discussed.  
The Hocoma Lokomat is perhaps the most popular RAGT system with over 600 installed units in 
operation [33]. The device attaches to the user’s waist and lower limbs and supports them via actuated 
attachment points. The Lokomat operates by driving a patient’s lower limbs through preset trajectories 
using high-gain position control as the user walks on a treadmill [34, 35]. This control method assures 
kinematically-correct strides with high step repetition. Later versions of the device also include variable 
assistance to require the user to exert effort to accomplish gait-related goals while still assisting the patient 
in achieving near-healthy gait kinematics [33]. The specifics of this variable-assistance method are 
unpublished as the device is a commercial product. A similar device, the Reha Stim Gait Trainer (GT), has 
also seen some commercial success. The GT provides end-effector trajectory control (i.e. footpath control) 
coupled with functional electrical stimulation (FES) [36]. By guiding the foot along a predefined trajectory, 
the system is able to achieve healthy gait kinematics with high repetition.  
Other devices have expanded upon the trajectory based controllers of the Lokomat and Reha Stim 
GT. The Ambulation-Assisting Robotic Tool for Human Rehabilitation (ARTHuR) robot has been 
implemented with a control methodology which is manipulated manually to record a subject-specific 
trajectory which is then replayed, making the trajectory highly-customized to a user’s individual needs [37]. 
The Lower-Extremity Powered Exoskeleton (LOPES) system relies on model-based methods to predict 
which portions of the gait cycle will require the most assistance. This permits the robot to increase assistance 
levels during portions of the trajectory where the user is expected to need the most help, and reduce 
assistance when it is unneeded [38, 39].  Finally, the Active Leg Exoskeleton (ALEX) produces force-field-
based control methods which guide the user along desired trajectories using virtual walls around a pre-
selected footpath [40, 41]. This permits the user to navigate the desired trajectory, only providing assistance 
when a significant deviation from the path is detected. Similar control methods used in the ALEX have also 
been shown to potentially reduce the metabolic cost of transport in healthy subjects [42].  
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All of the above-mentioned RAGT systems are stationary devices which incorporate body-weight 
support for subjects. In the last few years, overground exoskeleton systems have begun to emerge, although 
primarily for use in users with paraplegia [1, 10, 43]. The Hybrid Assistive Limb (HAL) uses a trajectory-
based control methodology (named the autonomous control mode), not unlike the Lokomat, but with the 
advantages of permitting the subject to practice overground (as opposed to treadmill) gait. For those users 
with the ability to control some of the musculature of the lower-limbs, the HAL is equipped with a second 
control mode (the voluntary control mode) which uses electromyogram (EMG) recordings from the user’s 
muscles as an input to the exoskeleton to determine when motion is desired. The HAL has been tested with 
patients recovering from CVA. The results were somewhat mixed, but suggested that users in the acute 
stages of recovery may increase their functional ambulatory category (FAC) scores [44-46]. Lastly, the H2 
Exoskeleton is an overground exoskeleton which operates on the same basic principles as the ALEX 
exoskeleton. The H2 generates force-tunnel pathways around the prescribed kinematic trajectory and offers 
assistance only when the user deviates from this path [47]. 
It should be noted that the HAL exoskeleton with the “voluntary control method” is the single 
control methodology which does not make use of trajectory control. Instead, the device operates by using 
EMG signals from the user’s muscles to decide when joint flexion or extension should occur. The device 
is also equipped with a second control option named the “autonomous control method” [38] which is 
trajectory based for subjects unable to provide sufficient EMG strength or coordination. Because EMG 
patterns in the lower-limbs can be altered dramatically as the result of CVA [51-53], it remains unclear 
what portion of the population EMG-based control may be effective for. In fact, researchers have continued 
to develop other control methods for the HAL which lack an EMG basis and opt instead for trajectory based 
control which mirrors the behavior of the unimpaired limb [54].  
Despite the large body of literature available on the numerous RAGT systems, their efficacy is still 
debated. Some large-scale randomized controlled trials have produced results which suggest that 1.) 
overground gait training produces greater functional outcomes in spinal cord injured patients than do 
BWSTT or RAGT therapy using the Lokomat or Reha Care GT [31]; 2.) that BWSTT with PT assistance 
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produced greater gains in speed and impaired-limb single-support stance time than did training in the 
Lokomat [48]; and that 3.) CT produced greater gains in gait speed and walking distance than did an 
equivalent dosing of training in the Lokomat [49]. It should be noted, however, that these studies were 
performed with only two of the numerous RAGT systems which have been developed, and that even the 
evaluated systems have since developed upgrades to their control strategies, potentially increasing their 
efficacy (e.g., the Lokomat variable assistance feature discussed above). Moreover, although these articles 
present valid and important findings, other studies report contradictory results. One blinded randomized 
controlled trial of 155 non-ambulatory subjects suggested that a combination of PT assisted physiotherapy 
and training on the Reha Care GT I significantly increased the likelihood of a non-ambulatory subject 
regaining the ability to walk independently relative to an equivalent dosing of PT assisted physiotherapy 
alone [50]. A similar randomized controlled trial performed with 67 patients recovering from CVA was 
performed which suggested the Lokomat, when combined with PT assisted physiotherapy, produced larger 
gains in FAC scores and the ability to walk independently than did an equivalent dosing of physiotherapy 
alone [51]. Furthermore, numerous newer devices have undergone small-scale preliminary studies which 
lack the power of the randomized controlled trials reported above. A recent meta-analysis of articles from 
the Cochrane database suggests that when analyzed as a group, robotically assisted therapy combined with 
traditional physiotherapy produces an increased likelihood of a patient regaining the ability to walk 
independently [52]. In short, although conflicting reports exist, the literature supports the hypothesis that 
robotically assisted gait training shows promise as a method of improving gait-therapy intervention 
outcomes. Or, to echo the equine-themed synopsis of Dobkin et al. [31], the current body of literature does 
not support the belief that RAGT systems are ready to be put out to pasture.  
 
Non-Trajectory-Based Control 
 
As mentioned above, the existing control methodologies for the state-of-the-art RAGT systems are 
predominantly trajectory based. The prevalence of trajectory-based control appears to be motivated by two 
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factors. First, meta-analysis of randomized control trials of various rehabilitation methods has demonstrated 
that task-oriented therapy - therapy in which the task to be improved (e.g., gait) is practiced - promotes 
improved functional outcomes in patients with CVA. Such studies suggest that high-intensity, repetitive, 
task-oriented gait training produces greater outcomes in balance, gait, and paretic limb strength [53, 54]. 
Trajectory-based systems are extremely good at producing repetitive, highly-consistent strides as the basis 
of trajectory control is the coordination of robotic (and therefore patient) kinematics. But is trajectory 
training truly task-oriented? While a subject’s limbs are moved through healthy gait-cycle trajectories, it is 
not clear that the patient is required to coordinate or navigate the trajectories themselves, and it has been 
established that passive participation in therapy does not illicit the same plasticity that voluntary 
participation does [55]. For example, the presence of “Augmented Performance Feedback,” which is 
designed to promote patient effort in newer Lokomat models [33], suggests that motivating a patient to 
actively participate in the therapy requires encouragement. Further, artificial balance assistance offered by 
the robotic attachment points, end effectors, and/or body-weight-support harnesses make it unnecessary (or 
at the very least, significantly easier) for the user to maintain his or her own balance. This reduces the 
similarity between the RAGT therapy and actual overground gait, somewhat eroding the task-oriented 
nature of the therapy. The HAL and H2 exoskeleton are not integrated with body-weight-support, so this 
latter point is not applicable to those systems.  
Second, prior to the advent of RAGT systems, animal models had suggested that even in cases of 
complete spinal transection, treadmill training could generate some stepping behavior in the hind limbs of 
mammalians, apparently caused by locomotor pattern generation in the portion of the spinal cord posterior 
to the injury [56, 57]. It was theorized that this recovery of locomotor function was due to spinal neuron 
plasticity. These findings suggested that externally-induced stepping (e.g., stepping motions elicited by a 
RAGT system) in the paretic limbs could induce some motor recovery, suggesting that a trajectory-based 
system could potentially promote this reorganization. However, further studies suggested that while similar 
spinal-neuron reorganization does occur in humans, even subjects who can produce stepping on a treadmill 
with body-weight support are incapable of sustaining overground gait [58]. Further, as CVA is a 
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fundamentally different form of neural impairment than SCI, the link is tenuous between such spinal-neuron 
plasticity and improved functional outcomes in patients with gait impairment resulting from hemiparesis. 
Nonetheless, the same interventions (e.g., Lokomat therapy) used in treating patients with SCI are regularly 
applied to patients recovering from CVA. 
 A control strategy which avoids trajectory-based control methods is capable of offering numerous 
potential advantages over the current state-of-the-art, trajectory-controlled RAGT systems. First, because 
the user is free to alter the trajectory of the gait cycle, he or she is capable of rapid alterations in gait to help 
maintain balance. This feature is of particular importance in overground exoskeletons, where PT guidance 
is the primary source of balance assistance, and a user is encouraged to practice balance during gait. Second, 
a non-trajectory based controller can accommodate step lengths, joint excursions, and step durations which 
may vary considerably on a step-to-step basis, as is common in subjects with hemiparesis (and healthy 
subjects, too, to a lesser extent). This is in contrast to trajectory-based controllers which strive to produce 
similar steps from cycle to cycle. Third, a non-trajectory based controller can require the patient to 
coordinate the movement of the lower limb during gait. Where trajectory-based systems may specify a 
kinematically healthy gait profile, a non-trajectory based controller can assist the user in specific goals (e.g., 
increased ground clearance) while still allowing the user to employ imperfect hip- and knee-joint profiles.   
 The non-trajectory based controller (NTB controller), which is the subject of this dissertation, was 
developed with the objective of providing these capabilities. In addition to requiring the patient to provide 
the spatiotemporal coordination of the lower limb, permitting rapid adaptation of the footpath, and allowing 
for significant step-to-step deviations in gait parameters, the NTB controller operates by providing assistive 
torques which encourage increased joint excursion, increased stability in the stance limb, and an effectively 
reduced limb-mass in the impaired limb. This is achieved via three individual assistive components which 
can be adjusted to tailor the assistive torques to a specific patient’s needs. The NTB controller has 
undergone two small pilot studies which indicate that the controller is capable of substantially improving a 
patient’s gait parameters after participating in gait training in an exoskeleton. The NTB controller is 
discussed at length in Chapter IV.  
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CHAPTER II 
 
 
ACTIVE COMPENSATION FOR PASSIVE EXOSKELETON DYNAMICS 
 
Preliminary work began with a study on actively reducing the passive dynamics of the exoskeleton and 
ensuring accurate phase detection in the user’s gait cycle. The exoskeleton used in this preliminary work 
was a prototype of the Indego exoskeleton referred to as the Vanderbilt Exoskeleton. Because the targeted 
population for the NTB controller consists of patients with gait impairment as the result of CVA, adding  
12 kg (26 lbs) of mass as well as joint friction and motor inertia (multiplied by a transmission ratio) has the 
potential to further impede the user’s ability to walk. For this reason, it was necessary to demonstrate that 
by actively compensating for mass, motor inertia, and joint damping, the system could effectively reduce 
its own passive dynamic contributions, thereby minimizing the exoskeleton’s passive effects on a patient. 
Following this work it would be possible to add assistive components to the controller’s function with the 
assurance that the device as a whole would operate as an assistive - rather than resistive - gait trainer. In 
order to achieve this, active compensation for the exoskeleton’s thigh-link mass (termed gravity 
compensation) was applied at the hip joint while compensation for damping and inertia effects was applied 
at the knee joints. Mass of the shank-link (approximately 0.5 kg, or 1 lbs) was not great enough to 
necessitate compensation at the knee, and motor inertia and damping were negligible compared to the force 
required to lift the weight of the thigh link against gravity. As such, gravity compensation at the knee joint 
was ignored, as were inertia and damping considerations at the hip. Manuscript I, presented below, develops 
the method of control for active compensation of the device’s passive dynamics. A small trial demonstrated 
the ability of the compensation algorithms to reduce the exoskeleton’s impact on the wearer. This 
manuscript was presented at the 2012 Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC 2012).  
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MANUSCRIPT I: ACTIVE COMPENSATION OF PASSIVE DYNAMICS OF A POWERED LOWER-
LIMB EXOSKELETON 
 
Abstract 
 
The authors intend to utilize a lower limb exoskeleton for gait assistance in individuals with lower limb 
neuromuscular deficit. The authors suggest that two foundational elements are required to do so effectively. 
First, the exoskeleton system must be capable of reliable real-time gait phase detection, in order to 
determine the nature of gait assistance to provide. Second, in gait phases or circumstances in which the 
exoskeleton provides minimal assistance, the passive dynamics of the exoskeleton should not hinder the 
individual (i.e., should have the capability to minimally interfere with gait dynamics). As such, the 
exoskeleton system should be capable of actively compensating for its passive dynamics, namely the 
inertial, gravitational, and frictional effects it imposes on the user. This paper describes the implementation 
of these two foundational elements (real-time gait phase detection and active cancellation of passive 
dynamics) on a prototype lower limb exoskeleton, and provides experimental data demonstrating their 
respective efficacy. 
 
Introduction 
 
A number of neuromuscular impairments result in acute and/or chronic locomotor deficits. Common 
conditions resulting in gait deficit or impairment include incomplete spinal cord injury (SCI), cerebral palsy 
(CP), multiple sclerosis (MS), and complications resulting from cerebral vascular accident (stroke). There 
are approximately 260,000 persons in the US with SCI, approximately one half of which are incomplete 
injuries [59]; there are approximately 765,000 individuals in the US with CP [60]; and there are 
approximately 350,000 individuals in the US with MS [61]. Collectively, there are approximately 1.3 
million persons in the US living with one of these conditions. Further, there are approximately 7 million 
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persons living in the US who have experienced a cerebral vascular accident (stroke) [59], and a significant 
portion of these have or have had gait impairment as a result. 
The authors are developing a lower limb exoskeleton for gait assistance in individuals with lower limb 
neuromuscular deficit, such as individuals in those populations previously cited. In order to use a lower 
limb exoskeleton for these purposes, two foundational capabilities must exist. First, such a system must 
correctly and accurately detect the phase of the user’s gait, so that it can cooperatively assist the user in an 
appropriate manner. Second, in order for a device to be useful as an assistive device for persons with lower 
limb deficit, it must not significantly impair the natural gait of the user in phases of gait, or in locomotion 
circumstances, in which the user needs minimal assistance from the device. Given the current state of 
robotic technology, implementation of a device capable of biological levels of torque and speed in the lower 
limb will likely introduce non-negligible mass, rotational inertia, and possibly joint friction. As such, the 
authors have designed and implemented a controller with active compensation for the purpose of mitigating 
these passive dynamics. This paper describes the implementation of these two foundational capabilities in 
a lower limb exoskeleton, and evaluates the efficacy of the gait phase detection (GPD) component of the 
system, as well as the efficacy of the active compensation of passive dynamics (ACPD).  
 
Vanderbilt Lower-Limb Exoskeleton  
 
The Vanderbilt exoskeleton [1, 10] is shown in Fig. 3(a). The exoskeleton is a fully powered lower limb 
orthosis with right and left powered hip and knee joints. The exoskeleton has a mass of 12 kg (26.5 lb), 
incorporates brushless DC motors and backdrivable transmissions at each of the four joints, and is powered 
by a lithium polymer battery contained within the hip piece of the unit.  The exoskeleton can be used with 
a standard ankle foot orthosis (AFO) if needed. 
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Gait Phase Detection 
 
In order for a system to cooperatively offer assistance to a user, it is necessary for the system to change its 
behavior at certain critical points in the gait cycle. These points include heel strike, toe off, and reversal of 
joint direction of motion. For this application, the authors have divided the gait cycle into 4 phases where 
the behavior of the device is expected to remain relatively consistent during each phase, and change at each 
phase transition. A state machine with switching conditions for the transitions is shown in Fig. 1.1. A 
discussion of the phases and transitions follows. 
Phase 0 (heel strike through mid-stance) - Enters phase by exceeding a threshold in acceleration along the 
leg axis, as measured by an accelerometer on the exoskeleton. During this phase the knee remains 
essentially fully extended, and the hip transitions from flexion to extension. The phase ends in a mid-stance 
configuration, when the center of mass of the body is essentially over the stance leg.  
Phase 1 (mid-stance through toe-off)- Enters phase based on prescribed hip angle, as measured by hip joint 
angle measurement on the exoskeleton. During Phase 1 the hip continues to extend and the knee begins to 
flex slightly. This brings the center of mass anterior to the stance leg during double support. Toe off 
typically occurs at the end of this phase. 
 Phase 2 (early swing) – Enters phase based on angular velocity of hip reversing direction. Phase 2 is 
considered the first part of swing phase. In this phase the hip and knee flex to bring the foot upward and 
forward and allow for toe clearance.  
 Phase 3(late swing) – Enters phase based on angular velocity of knee reversing direction. Phase 3 is the 
second part of swing phase and is characterized by rapid knee extension and maximum extension in the hip. 
The phase ends at heel strike. 
To evaluate the accuracy and consistency of the phase tracking system, a healthy subject was asked to 
walk on a treadmill while wearing the exoskeleton. The subject was instructed to walk for 3 minutes at a 
velocity of 0.67 m/s (1.5 MPH), as measured by the treadmill. This speed was estimated to be a 
representative speed for the intended patient population. Joint angles and estimated phase of gait from the 
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exoskeleton were recorded. The exoskeleton was set in a passive mode so that there was no assistance of 
any kind. Data for ten consecutive strides were extracted and analyzed (Fig. 1.2). As indicated by the figure, 
the gait phase detection approach provides consistent identification of the significant phases of level 
walking. 
 
Active Compensation for Passive Dynamics 
 
The exoskeleton prototype (Fig. 1.3) imposes undesirable passive dynamics on the user via three primary 
effects. First, the system has a mass of 12 kg, and therefore adds significant weight to the lower body of the 
user, potentially increasing the hip torque required to raise the knee by flexing the hip. Second, the links 
and motors add significant rotational inertia about the joints, primarily resulting from the motor rotor inertia 
as reflected to the joint through the backdrivable transmission. The reflected inertia is especially apparent 
at the knee, presumably due to the greater angular accelerations experienced by the knee relative to the hip 
joint [62]. Third, the system introduces friction at each joint, which again is most apparent at the knee joint, 
presumably due to the greater angular velocities at the knee joint (relative to the hip) [62]. While complete 
elimination of these passive dynamic contributions is unlikely, it is possible to reduce the effects of the 
passive dynamics so that the gait of a healthy subject approaches that of his or her gait without the 
exoskeleton. In the following two subsections, the results of two experiments demonstrate that the ACPD 
controller is effective in reducing the effect of the exoskeleton’s passive dynamics on the user.  
 
 
Figure 1.1.  Simplified state machine model for phase recognition. Guard conditions are shown in 
brackets along each transition. 
Phase 0 Phase 1
Phase 3 Phase 2
[Heel strike 
detected]
[Hip angle reaches threshold] 
[Hip velocity reverses 
direction]
[Knee velocity reverses direction]
16 
 
 
Figure 1.2.  Knee and hip angles recorded for ten consecutive strides walking on a treadmill at 0.67 m/s. 
Vertical lines indicate transition points between labeled phases for all 10 strides. The Phase 3 to Phase 0 
transition occurs at heel strike, and therefore at the 100% mark in all ten strides.  Flexion is defined as 
positive. 
 
Gravity Compensation 
 
Since the great majority of the exoskeleton mass is located in the respective thigh links (approximately 4.1 
kg per thigh link), the primary intention of gravity compensation is to minimize hip joint effort required to 
flex the hip, and thus raise the thigh segment through the gravitational field. As such, the exoskeleton hip 
joint torque is supplemented with a compensatory torque,  
1
2
× l × m × g × sinα 𝜏𝑔 =
𝑙𝑚𝑔 sin𝛼
2
          (1) 
where m is the mass of the thigh link, l is the length of the thigh segment, m is assumed to be distributed 
uniformly along l, g is acceleration due to gravity, and 𝛼 is the angle of the thigh link relative to the vertical. 
Note that the latter is measured via an accelerometer on the exoskeleton, as described in [8].  
To evaluate the efficacy of the gravity compensation algorithms, electromyogram (EMG) data from 
three healthy subjects were collected and analyzed for three conditions corresponding to no exoskeleton, 
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exoskeleton without gravity compensation, and exoskeleton with gravity compensation. Subject ages 
ranged from 24 to 26 years, and subjects 1, 2, and 3 had masses of 64 kg, 77 kg, and 100 kg respectively. 
For the experiment each subject was asked to stand upright and elevate their dominant side leg to 
approximately 75 degrees from the vertical while EMG data were recorded from the rectus femoris muscle 
in the thigh.  
 
 
Figure 1.3. a.) Exoskeleton prototype. b.) Experimental setup for EMG recordings. Subjects were asked to 
raise their dominant leg to an angle of approximately 75 degrees from the vertical position. Real-time 
readouts of absolute thigh orientation provided subjects with feedback to ensure an appropriate angle was 
maintained. Subjects grasped a walker to ensure they could easily maintain balance. EMG signal wires and 
exoskeleton data-tether not pictured. 
 
Subjects were instructed to allow their lower leg to remain passive. A real-time estimate of the 
thigh angle relative to gravity was produced on a monitor so that the subjects could easily adjust to maintain 
the appropriate angle. Fig. 1.3 shows the exoskeleton and experimental setup. Subjects were asked to keep 
their limb elevated for ten seconds before being instructed to relax. In between trials subjects were allowed 
to rest, and were instructed to alert the experimenter immediately if they felt they were beginning to fatigue. 
This procedure was carried out 12 times for each of 3 conditions:  no exoskeleton, and the exoskeleton with 
a.) b.) 
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and without compensation for gravity. “No Compensation” refers to a non-assistive setting in which the 
exoskeleton remains passive. In the “With Compensation” setting, the exoskeleton provides torque 
equivalent to 100% of its estimated mass. Trials were performed in a semi-randomized order to ensure 
results were unaffected by trial order. 
EMG signals were low-pass filtered at 500Hz, high-pass filtered at 10Hz, and sampled at 1000Hz. 
These data were rectified and low-pass filtered at 3Hz to produce an envelope. For each trial a four second 
window was selected from the middle of the trial, and the EMG signal was averaged over that window. The 
mean of the four second windows was averaged for ten trials to produce an average EMG magnitude for 
each of the 3 settings. Fig. 1.4 shows the difference between the average EMG magnitude for each 
exoskeleton assistance setting, relative to the case without the exoskeleton. Thus, the values indicate the 
respective increase in EMG amplitude relative to the normal condition. These results are reiterated 
quantitatively in Table 1. As evident by the results, the presence of gravity compensation substantially 
reduces the effective weight of the exoskeleton (although it does not return it to the EMG level measured 
in the absence of the exoskeleton). Note that, in the absence of a subject within the exoskeleton, the gravity 
compensation fully compensates for the gravitational effects at the hip joint (i.e., the exoskeleton hip joint 
will remain in a given configuration in the presence of gravity). As such, it is hypothesized that a portion 
of the elevated EMG seen in the gravity compensation experiment was due to the (sagittal plane) constraints 
on motion imposed by the exoskeleton. Specifically, slight changes in the plane of movement may increase 
the level of muscular co-contraction required to flex the hip joint, and therefore the presence of the 
exoskeleton may slightly increase quadriceps EMG during hip flexion due to secondary factors. Although 
the exoskeleton is easily capable of providing additional gravity compensation (which can offset the 
increase in EMG), the authors chose instead to maintain the level of gravity compensation that is appropriate 
in the absence of a subject, and thus used the settings indicated in Fig. 1.4 (and Table 1) in the level walking 
experiments described subsequently. 
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Inertia and Friction Compensation 
 
In order to reduce the effects of added inertia, hip and knee joint torques are supplemented in proportion to 
the respective angular acceleration of the joint,  
𝜏𝑖 ∝
𝑑2
𝑑𝑡2
(𝜃)      (2) 
where θ is the angular position of that joint, and where the constant of proportionality (i.e., the effective 
rotational inertia) was determined experimentally. In order to reduce the effects of added friction, hip and 
knee joint torques are supplemented in proportion to the respective angular velocity of the joint,   
𝜏𝑓 ∝
𝑑
𝑑𝑡
(𝜃)      (3) 
where the constant of proportionality (i.e., the damping coefficient) was determined experimentally. The 
total passive dynamics compensation therefore consists of the application of equation 1 at the hip joints, 
and the sum of equations 2 and 3 at the knee joint.  
 
 
Figure 1.4.  Change in average EMG from no-exoskeleton condition. EMG signals were recorded from the 
rectus femoris while the subjects’ legs were raised to 75 degrees from the vertical. Values indicate an 
increase in EMG from the no-exoskeleton condition. Each bar indicates an average over ten trials. 
 
 
 
20 
 
TABLE 1 
Percent Change in EMG Magnitude for each Assistance 
Condition 
 
Subject 
Average 
EMG 
magnitude 
for “No 
Exoskeleton” 
 
No gravity 
compensation 
 
 
With gravity 
compensation 
1 34μV 204% 81% 
2 32μV 184% 51% 
3 66μV 40 % 32% 
 
Methods and Results 
 
To test the efficacy of the ACPD controller, kinematic data from the hip and knee joints during gait were 
recorded for a single healthy subject, walking under three conditions: no exoskeleton (unaffected walking), 
passive exoskeleton, and exoskeleton with ACPD. In the passive-exoskeleton condition the subject wore 
the exoskeleton, but gravity, inertia, and friction compensation were disabled. In these experiments, the 
subject walked on a treadmill at 0.67 m/s for 3 minutes for each condition. The subject was a 24 year old 
male with body weight of 100 kg and height of 1.85m. In these experiments, the subject was instructed to 
walk naturally in all cases. For the no-exoskeleton condition, hip and knee angle data were collected using 
a motion capture system (OptiTrack 12-camera motion capture with ARENA software). For the passive-
exoskeleton and exoskeleton-with-ACPD conditions, hip and knee joint angle data were recorded from the 
exoskeleton. Fig. 1.5 shows averaged knee and hip angle for ten consecutive strides in each condition.  It 
is clear from the data that the joint trajectories with ACPD are much closer to the unaffected walking than 
those of the exoskeleton without compensation (i.e., the passive exoskeleton). This trend is especially clear 
in the knee joint, where the average peak in the knee angle is severely reduced for the passive-exoskeleton 
trajectories compared to the other two sets. Table 2 summarizes the respective ranges of motion of the knee 
and hip joint during walking at this speed for the two cases of wearing the exoskeleton, relative to case of 
unaffected walking. As indicated in the table, when wearing the exoskeleton without passive dynamics 
compensation, the knee joint achieved 73% of its normal range of motion, while the hip joint achieved 
111%, indicating the passive dynamics had a significantly effect on knee joint motion, and relatively little 
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impact on hip joint motion. With the addition of the ACPD controller, the knee joint achieved 96% of its 
normal range of motion, while the hip joint achieved 108%. As such, the joint range of motion with ACPD 
is nearly unaffected when walking with the exoskeleton. These results suggest the efficacy of the ACPD, 
and further suggest that with such compensation, a user is able to perform level walking in the exoskeleton 
without substantially affecting the user’s natural gait dynamics. 
 
 
Figure 1.5.  Averaged knee and hip angles for ten consecutive cycles with standard deviation shown. Shown 
are no-exoskeleton, exoskeleton-with-ACPD, and passive-exoskeleton conditions. The maximum knee 
flexion for the passive-exoskeleton condition is significantly reduced in comparison to the other two 
conditions, and hip kinematics suggest that the ACPD condition matches the no-exoskeleton condition more 
closely as well. 
 
TABLE 2 
Range of Motion Analysis for Exoskeleton 
 
Condition 
Percent Range of Motion 
Knee Hip 
Passive 73% 111% 
ACPD 96% 108% 
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Conclusion 
 
The authors present the implementation of two important components of a lower limb exoskeleton for gait 
assistance in persons with locomotor deficits. The first is gait phase detection, and the second is active 
compensation for passive dynamics. In this paper, the authors describe an implementation of each, and 
provide experimental results indicating the respective efficacy of each component. Future work includes 
adding a gait assistance component to the exoskeleton, and assessing the ability of the exoskeleton to 
provide appropriate gait assistance to persons with locomotor deficit. 
 
ADDENDUM 
 
Ultimately, gravity compensation proved to be quite important and was implemented in the NTB controller 
for gait therapy. Compensation of damping and inertia proved unnecessary when walking at the slow gait 
speeds (0.1m/s to 0.4m/s) seen in the target population. As such, these components were not implemented 
in the NTB controller. This study also demonstrated that reliable gait-cycle phase division was possible 
with the existing exoskeleton sensors. Design and implementation of the NTB controller’s assistive 
components followed. These components are detailed in Chapter IV.  
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CHAPTER III 
 
 
PHYSIOLOGICAL SIGNAL RESPONSE TO TASK ENGAGEMENT 
 
Manuscript II is presented in this chapter of the dissertation and is not part of the development of the NTB 
controller. Rather, this work was performed in order to explore a novel method of controller evaluation. 
Specifically, the authors were exploring the development of an objective means of quantifying task 
engagement in a subject participating in a multi-limb-coordinated motor-learning task. One advantage that 
the NTB controller may offer is increased patient engagement. Relative to trajectory-based systems which 
may drive patients through the same cycles regardless of participation, the overground exoskeleton 
controller (described in full detail in the next chapter) will not provide assistance unless the patient is 
actively attempting to walk. In a broader sense, engagement in therapy is recognized as an important factor 
in the rehabilitation process, so a method for the objective evaluation of patient involvement would be 
valuable in determining which interventions elicited that engagement.  The experiment presented in the 
manuscript in this chapter established that in a multi-limb-coordinated motor-learning task, certain 
physiological signals correlate with task engagement. A version of this manuscript which lacked an analysis 
of control data was presented at the 2015 Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC 2015). The complete manuscript with an analysis of the control data 
is presented below. This manuscript is currently in preparation for publication as a journal article.  
 
MANUSCRIPT II: PHYSIOLOGICAL SIGNAL RESPONSE TO VARYING TASK ENGAGEMENT 
IN A MULTI-LIMB COORDINATED MOTOR-LEARNING TASK 
 
Abstract 
 
Task engagement is widely recognized in the physical rehabilitation community as essential to 
neuromuscular recovery. However, numerous obstacles make objective analysis of task engagement 
difficult. Previous studies have reported correlation between certain physiological signals - namely heart 
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rate (HR), skin conductance level (SCL), and facial electromyogram (EMG) – and mental effort. In this 
paper the authors analyze the extent to which these physiological measurements could be used as an 
indicator of task engagement in a multi-limb-coordination motor-learning task. Nine subjects were asked 
to play a video game which required them to use both arms and one leg to activate an electronic drum kit 
at varying levels of difficulty. Physiological signals were recorded as the subject played. Statistically 
significant correlations relating HR, SCL, and EMG in corrugator superscillii to task difficulty were 
observed. Subjects were asked to return for a control experiment in which they played a simplified rhythm 
at various rates to analyze whether the correlations observed in the experimental condition were due to 
physical exertion. Analysis did not find statistically significant correlation between the task load of the 
simplified task and any of the measured signals.  
 
Introduction 
 
Stroke affects over 800,000 people in the United States each year, resulting in over 400,000 patients 
requiring upper and/or lower limb rehabilitation [11]. In recent years, numerous new technologies have 
emerged to offer robotic assistance to patients undergoing rehabilitation [38-41, 63-65] . Although several 
reviews suggest that electromechanical devices, as a group, offer some benefit to patients recovering from 
stroke [52, 66], there is no general consensus on which of these new technologies offers the greatest rate of 
improved functional outcomes for patients. 
Patient effort during physical therapy is believed to be an important factor in the rehabilitation 
process. As such, several tools have been developed to quantify patient engagement based on patient 
questionnaires or physical therapist (PT) evaluation [67-69]. Patient effort during physical therapy has also 
been shown to correlate with improved functional outcomes in patients undergoing rehabilitation [68, 70]. 
Therefore, a method to analyze the level of patient effort during physical therapy could potentially be used 
to predict which therapies would be most beneficial to a patient population. Unfortunately, newly-
developed, robotically-assisted therapies may obscure the patient’s level of engagement from the PT; e.g. 
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an exoskeleton may make it difficult to differentiate between patient effort and exoskeleton assistance. 
Further, patients recovering from stroke frequently suffer from cognitive impairment (46% of patients) 
and/or aphasia (19% of patients) [11], potentially limiting the efficacy of patient questionnaires.  
Several physiological signals have been shown to correlate with mental effort when recorded from 
subjects performing various tasks. EMG amplitude in the facial muscles frontalis and corrugator supercilii 
has been shown to increase with task load during a two-choice serial reaction task [71]. Skin conductance 
has been shown to increase when the subject experiences mental stress [72]. Heart rate (HR) has been 
shown to increase with stress but decrease with visual attention [73], and heart rate variance (HRV) has 
been shown to decrease with cognitive load, although HRV is known to be altered in patients with stroke 
and was therefore not selected for analysis in this study [74, 75]. Some work has been performed which 
suggests that physiological signals can be used to estimate psychological state while using a rehabilitation 
robot [76]. 
This paper describes an experiment designed to determine whether these same physiological signals 
could be used to evaluate a subject’s level of mental engagement in a multi-limb-coordination motor-
learning task. In the experimental condition nine healthy subjects performed a motor-learning task with 
varying degrees of difficulty while physiological signals were recorded. In a control experiment, subjects 
returned for a second session in which they played a simplified rhythm with no variation at the minimum, 
maximum, and median rates they had played in the previous session. This was done in order to analyze 
what impact physical exertion had on the signals.  
 
Methods 
 
Subjects completed a multi-limb motor-learning task in which they were asked to play the Rock Band™ 
video game. Subjects were asked to strike the pads of a simplified, electronic drum set  with drum sticks, 
while also activating a drum pedal with their foot (i.e. the Rock Band™ drum controller), in time with 
onscreen instructions. Objects of four colors appeared in four onscreen locations to indicate when the four 
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corresponding drum pads should be activated. A fifth object, a gold bar, indicated when the foot pedal 
should be activated. Visual and auditory feedback from the Rock Band™ software indicated when subjects 
hit or missed each commanded strike or pedal activation (Figs. 2.1 and 2.2).  Vanderbilt’s Institutional 
Review Board approved all experimental procedures involving human subjects described in this paper.  
 
 
Figure 2.1. The Rock Band™ drum controller. a) Pads are struck with b.) wooden drum sticks. c) Foot 
pedal is activated with the dominant foot.  
 
Equipment 
 
EMG signals were recorded from the muscles frontalis and corrugator superscilii, both facial muscles in 
the forehead, using BIOPAC Systems EL504 Ag/AgCl electrodes and a Texas Instruments ADS1298 
analog-to-digital converter. EMG signals were amplified, high-pass filtered at a cut-off frequency of 20 Hz, 
and low-pass filtered with a cut-off frequency of 500 Hz. The signals were then rectified and low-pass 
filtered at a cut-off frequency of 5 Hz to produce an envelope of the electrical activity. Electrodes were 
placed to record from frontalis and corrugator superscilii as described by Van Boxtel and Jessurun [71]. 
SCL was recorded using a NeuLog™ Galvanic Skin Response Sensor with the electrodes attached to the 
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instep of the non-dominant foot as described by van Dooren et al [77]. This placement permitted the subject 
to use both drumsticks and activate the foot pedal without interference from the sensors. HR was recorded 
using a Garmin™ HRM1G Heart Rate Monitor.  
 
 
Figure 2.2. Display from the Rock Band™ video game. a) Drum pad objects indicate which controller pad 
should be struck. b) Missed notes change color, fade, and are accompanied by auditory feedback to indicate 
the error. 
 
Experimental Procedure 
 
Before beginning the measurement phase, each subject was allowed to play for five to ten minutes in order 
to ensure they understood the game’s onscreen commands. During this warm-up, subject performance 
(percentage of correct strikes) was recorded, and game speed was adjusted to suit the subject’s ability. 
Subjects were then outfitted with recording devices for EMG, GSR, and HR recordings. Baseline recordings 
of all signals were taken with the subject resting. The subjects were then asked to complete a series of tasks 
which varied in difficulty and appeared in a randomized order. Each task consisted of playing a single level 
of the video game. The experimenter would begin the recordings and verbally signal the subject to begin 
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playing. Each task lasted three minutes, and subjects were verbally signaled to stop by the experimenter. 
Subjects were then allowed to rest until their HR returned to resting levels and their SCL level stabilized 
before beginning the next task. This was repeated until the subject had completed all nine tasks.  
 
Control Procedure 
 
Subjects were asked to return for a second session. During this second session, subjects were instructed to 
perform a simplified rhythm in which they alternated between striking the red and green pads 
simultaneously and activating the blue pad, yellow pad, and foot pedal simultaneously. Once subjects had 
mastered the rhythm they were outfitted with all recording devices and baseline recordings of all signals 
were taken with the subject resting. Subjects were then instructed to play the pattern in time with a 
metronome which was set to a frequency which reproduced the minimum SPM, maximum SPM, or median 
SPM rate at which the subject had played in the previous session. The experimenter would begin the 
recordings and verbally signal the subject to begin playing. The subjects were asked to keep time with the 
metronome for three minutes, at which time the experimenter verbally signaled for them to stop.  Subjects 
then rested until HR returned to resting levels and SCL stabilized before continuing. This was repeated until 
subjects had performed all three tasks. The order in which the minimum, maximum, and median rates were 
presented was randomized for each subject to reduce any ordering effects in the data. Although data were 
recorded and plotted (Fig. 2.4) with SPM representing task load, the sequence of strikes was so simplified 
that task difficulty should be considered to be minimal, and constant across all rates.  
 
Statistical Analysis 
 
The EMG amplitudes measured from the frontalis and corrugator superscilii muscles were averaged over 
the last two minutes of each task and normalized to the maximum EMG recording to reduce inter-subject 
range differences for comparison (note that this procedure creates a data point with a normalized EMG 
amplitude of exactly 1 for each subject). Skin conductance level was averaged over the last two minutes of 
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each task and normalized as a percentage of the SCL value recorded just before beginning the task. HR was 
averaged over the last two minutes of each recording and normalized to the baseline rate for each subject.  
Data from each session were tested independently for correlation between task difficulty - measured in 
strikes per minute (SPM) - and EMG, HR, and SCL. Correlation was calculated using Spearman’s ρ. The 
significance level (p-value) was set at .05 for all tests. In order to minimize the familywise error rate with 
multiple (four) comparisons, the Bonferroni correction method [78] was employed, which sets the 
significance level at .05/4 = .0125. Correlation coefficients are summarized in Table I. Scatter plots of the 
associated data points used to perform the analyses for the experimental data are presented in Fig. 2.3. 
Scatter plots for the data points used in the analysis of the control data are presented in Fig. 2.4.  
 
Results 
 
During the experiments, EMG amplitude in the corrugator superscilii was found to correlate negatively 
with increasing task load (ρ = -.39, p < .001). However, no statistically significant correlation was observed 
in the EMG of frontalis. HR demonstrated a positive correlation with increasing task load (ρ = 0.32, p < 
.01), as did SCL (ρ = 0.29, p < .01). 
 
 
 
TABLE 3 
Results of Statistical Analysis 
Spearman’s ρ Correlation of Physiological Signals with Task Load in Experimental Condition 
Physiological Signal ρ p-value 
EMG Amplitude Corrugator Superscilii (µV) -0.39 <.001 
EMG Amplitiude Frontalis (µV) -0.01 .95 
Heart Rate (BPM) 0.32 <.01 
Skin Conductance Level (µS) 0.29 <.01 
 
Spearman’s ρ Correlation of Physiological Signals with Task Load in Control Condition 
Physiological Signal ρ p-value 
EMG Amplitude Corrugator Superscilii (µV) -0.09 .65 
EMG Amplitiude Frontalis (µV) 0.10 .61 
Heart Rate (BPM) 0.25 .21 
Skin Conductance Level (µS) 0.08 .67 
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Figure 2.3. Plot of experimental condition task load vs normalized EMG amplitude in corrugator superscilii 
(top), normalized HR (middle), and normalized SCL (bottom), each with a least-squares-fit line. Each point 
represents the average value from two minutes of a single recording. Some outliers not pictured.  
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Figure 2.4. Plot of control condition task load vs normalized EMG amplitude in corrugator superscilii (top), 
normalized HR (middle), and normalized SCL (bottom), each with a least-squares-fit line. Each point 
represents the average value from two minutes of a single recording. Some outliers not pictured.  
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In the control condition, no statistically significant correlation was observed between the task rate (SPM) 
and any physiological signal. Further, the observed correlation coefficients (ρ) were considerably smaller 
in the control condition than in the experimental condition (with the exception of HR, which was only 
slightly smaller than in the experimental condition). Values of p and ρ are summarized in table I. 
 
Discussion 
 
Analysis demonstrated that a statistically significant correlation exists between task load and certain 
physiological signals; namely EMG amplitude in corrugator superscilii, SCL, and HR. Although all three 
of these signals correlated with task load, EMG in the corrugator superscilii demonstrated the strongest 
correlation, suggesting that it may be the signal best suited to task-engagement analysis. It is worth noting 
that the negative correlation between corrugator superscilii and task load agrees with findings reported in 
[71], where EMG amplitude appears to decrease as the task load exceeds the maximum rate that the subject 
can comfortably perform. In the control condition, subjects reproduced the level of physical exertion 
achieved in the experimental condition, but no statistically significant correlation between the task rate and 
any physiological signal was observed. This suggests that the response seen in the experimental condition 
was due to increasing mental engagement and not simply due to increased physical exertion.  
While the results presented herein are promising, future work should be performed in which task load 
is more rigorously defined. The Rock Band™ system was selected for its convenience because it provided 
onscreen instructions with visual and auditory feedback. However, while the authors used strikes per minute 
to quantify task load, the SPM metric is not a perfect measure of difficulty. As demonstrated by the results 
of the control experiment, a simple rhythm played at higher speeds may be easier for a subject than a 
syncopated rhythm played at slower speeds. The subjective nature of the difficulty levels in Rock Band™ 
may have weakened the correlation between task load and the observed physiological signals. By more 
clearly defining task difficulty, it may be possible to further improve the correlation between physiological 
33 
 
signals and task engagement, making analyses like these a potential tool in evaluating subject engagement 
in a motor-learning task. 
 
Conclusion 
 
EMG measurement of the corrugator superscilii muscle, HR, and SCL were shown to correlate with task 
load in a multi-limb-coordination motor-learning task, while EMG measurement in the frontalis muscle 
was not. Future work with a rigorously defined task load should be performed in order to further inform the 
extent to which these measurements might be an effective assessment of patient engagement in a 
rehabilitation task. 
 
ADDENDUM 
 
The findings reported in Manuscript II suggest that there is a statistically significant correlation between 
task engagement and EMG amplitude in corrugator superscillii, heart rate, and skin conductance level. The 
lack of statistically significant correlation in the control data further suggested that there was little to no 
reason to believe this correlation was due to physical exertion. Unfortunately, the Spearman’s ρ coefficients 
were lower than anticipated. This could be due to the measure of task-load used in the experiment, 
indicating that further experiments should be performed. Alternatively, the low correlation value could be 
due to increasingly erratic behavior in the signals at higher task-loads. This latter possibility is supported 
by van Boxtel and Jessurun’s work which shows large spikes present in the EMG recordings from 
corrugator superscillii when the task load exceeds the point at which the subject can perform the task with 
100% accuracy [71]. Whatever the cause, the low correlation values indicate that this line of investigation 
will need to be pursued further before physiological signals can be used to draw conclusions about task 
engagement for an individual subject.  
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CHAPTER IV 
 
 
NON-TRAJECTORY BASED CONTROLLER DEVELOPMENT AND PRELIMINARY STUDY 
 
With active cancellation of passive dynamics in   place and tested, development of the assistive components 
of the NTB controller began. The NTB controller was designed with the philosophy that it should offer two 
types of assistance; the ability to encourage joint excursion during the swing phase of the gait cycle, and 
the ability to reinforce joint-stability (i.e. prevent buckling) in the stance limb during the single-support 
phase. Also, to permit the controller to accommodate a range of patients it is necessary that the controller 
offer a significant amount of adjustability as the impairments resulting from CVA are deeply heterogeneous. 
By using the gait-cycle division methods developed in Manuscript I, the NTB controller is able to provide 
assistance to targeted portions of the step cycle, resulting in highly specific assistance. The partial limb-
weight compensation, joint stability reinforcement during stance, and feedforward torque pulse components 
that comprise the NTB controller are detailed fully in Manuscript III. The manuscript also presents the 
results of a small pilot study in which the NTB controller was implemented on the Vanderbilt Exoskeleton 
and tested with three subjects with gait impairment as the result of CVA. The study showed that subjects 
with hemiparesis were able to practice gait in the controller, and that gait training in the exoskeleton 
produced significant changes in the gait patterns of the users following a one-hour training session. This 
manuscript was published in the 3rd issue of the 24th volume of IEEE Transactions on Neural Systems and 
Rehabilitation Engineering.  
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MANUSCRIPT III: DEVELOPMENT AND PRELIMINARY ASSESSMENT OF A NON-
TRAJECTORY BASED CONTROLLER FOR A POWERED LOWER-LIMB EXOSKELETON 
 
Abstract 
 
This paper presents a control approach for a lower-limb exoskeleton intended to facilitate recovery of 
walking in individuals with lower-extremity hemiparesis after stroke. The authors hypothesize that such 
recovery is facilitated by allowing the patient rather than the exoskeleton to provide movement 
coordination. As such, an assistive controller that provides walking assistance without dictating the 
spatiotemporal nature of joint movement is described here. Following a description of the control laws and 
finite state structure of the controller, the authors present the results of an experimental implementation and 
preliminary validation of the control approach, in which the control architecture was implemented on a 
lower limb exoskeleton, and the exoskeleton implemented in an experimental protocol on three subjects 
with hemiparesis following stroke. In a series of sessions in which each patient used the exoskeleton, all 
patients showed substantial single-session improvements in all measured gait outcomes, presumably as a 
result of using the assistive controller and exoskeleton. 
 
 Introduction 
 
Each year approximately 800,000 people in the US suffer a stroke or cerebrovascular accident (CVA), of 
which approximately 660,000 survive [59]. Of these, approximately 200,000 annually are affected by 
lower-extremity hemiparesis to an extent that prevents walking without assistance six months after (i.e. by 
the time they enter the chronic stages of stroke) [79-81]. The inability to walk unassisted has an obvious 
impact on an individual’s independence and community dwelling capability, and thus quality of life and 
continued health. Similarly, impaired balance and compromised walking ability increase the incidence of 
falls and resulting fractures [82-88].  
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Typical gait deficits in lower-limb-affected post-stroke individuals involve a combination of 
impaired muscle strength, coordination and proprioception, and often excessive muscle tone in the paretic 
limb. The two most immediate biomechanical effects of these impairments are instability of the paretic leg 
during the stance phase of gait (i.e., the potential of knee instability in flexion or hyperextension), and 
insufficient foot clearance on the paretic side during the swing phase of gait. In order to mitigate these 
deficits, post-stroke individuals typically employ compensatory actions. These include asymmetric spatial 
and temporal step lengths as well as a substantial frontal plane lean toward the non-paretic leg, both of 
which bias the individual away from loading the paretic leg in stance. Additionally, hip circumduction of 
the paretic leg during swing phase and ankle plantarflexion of the non-paretic ankle during stance (i.e., 
vaulting on the non-paretic leg), both facilitate foot clearance of the paretic leg during swing.  
Given these biomechanical deficits exhibited by hemiparetic individuals, the biomechanical 
movement objectives of post-stroke gait training primarily entail improving load acceptance on the paretic 
leg during stance, which results in improved spatial and temporal step symmetry and generally greater stride 
length, and improving foot clearance of the paretic leg via increased hip and knee flexion of the paretic leg 
during swing. These therapeutic objectives have traditionally been pursued by a combination of 
physiotherapy (e.g., mat exercises, weight training, use of fitness equipment) and assisted overground gait 
training, which may be supplemented by assisted treadmill training. Two methods of assisted treadmill 
training are manually and robotically assisted body-weight-supported treadmill training (BWSTT). In the 
manual version of this therapy, a portion of a patient’s body weight is suspended above a treadmill through 
an overhead suspension point, while one or more therapists manipulate a patient’s pelvis and limbs as 
needed to facilitate treadmill walking. Robotic versions of this therapy incorporate robotic manipulation of 
the legs in place of manual manipulation. Such systems may provide more consistent interaction with a 
patient, and in most cases decrease the number of therapists required to provide BWSTT. As described in 
a recent review article [89], various methods have been proposed to control the patient-robot interaction in 
robotically-assisted BWSTT systems. Some representative methods include force-field-based control 
methods which guide the user along desired trajectories using simulated walls around a pre-selected 
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footpath [40, 41]; record-and-replay impedance based methods to create subject specific trajectories [37]; 
and model-based methods which selectively target specific sections of the gait cycle [38, 39].  
 Recently, lower limb exoskeletons have begun to emerge. Unlike robotically assisted treadmill 
systems, lower limb exoskeletons are wearable robots, and as such enable overground rather than treadmill-
based locomotion. Overground walking, particularly for severely hemiparetic individuals, can be 
characterized by a highly irregular gait speed, with considerable pauses between movements, as dictated 
by the movement volition, and balance and weight shifting needs of the individual. Treadmill-based systems 
can be adapted to provide adaptive speed capability (see, for example, [90], in addition to a large body of 
patent literature on the topic). Such systems, however, distort the dynamics of overground locomotion 
during periods of belt acceleration and deceleration when the belt speed changes. As such, for highly 
irregular gait, such as that which might be observed in a severely hemiparetic individual, a treadmill-based 
system is unable to accurately represent the dynamics of overground walking. In addition to resulting in 
unnatural perturbations in movement, the distortion in dynamics associated with an irregular belt speed also 
presents a distortion in vestibular information presented to the individual. The distortion in vestibular 
information, together with the associated lack of visual flow, further impairs the ability of a treadmill system 
to emulate overground walking with irregular gait speed.  
In addition to limitations associated with reproducing the dynamics of highly-irregular gait, 
treadmill-based systems are typically limited with respect to their ability to provide assistive forces that are 
fully consistent with the biomechanics of locomotion and balance. Specifically, in order to provide 
assistance that is fully consistent with the biomechanics of locomotion and balance, the assistive forces 
between the environment and the individual can only occur between the individual’s feet and the ground. 
Since a wearable exoskeleton (as defined here) has no attachment points to the inertial reference frame, it 
must react assistive components that it provides exclusively between the individual’s feet and the ground 
(which is fully consistent with the biomechanics of locomotion and balance). Treadmill-based systems, 
conversely, typically entail at least one point of constraint between the individual and treadmill (i.e., inertial 
reference) frame beyond the foot/floor contact points. The constraint between the treadmill frame and the 
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robot will introduce a constraint force that is not consistent with the biomechanics of overground 
locomotion and balance, and therefore can presumably interfere with the relearning of or recovery of 
balance. In the case of a manually-assisted treadmill system, this constraint is typically an overhead 
suspension point, which imposes body-weight support from the overhead point down, and as such 
introduces an artificially stabilizing effect. In the case of a robotically-assisted treadmill, the nature of this 
constraint depends upon the extent to which the robotic portion is constrained relative to the treadmill (and 
inertial reference) frame. If the robotic portion of the treadmill is fully unconstrained relative to the treadmill 
frame (i.e., the robotic portion is essentially an exoskeleton mechanically decoupled from the treadmill 
frame), then no artificial constraint forces will be present, and as such no artificial force components will 
interfere with balance dynamics (i.e., the body-weight support will be provided in a manner fully consistent 
with balance dynamics, less the irregular belt speed issue previously discussed). If however, the robotic 
portion is coupled to the treadmill frame by at least one kinematic constraint, the system will introduce at 
least one artificial component of force that is not representative of the balance dynamics entailed in 
overground standing and walking. Depending on the rehabilitation objectives, such constraints could be an 
asset. If relearning balance for purposes of overground standing and walking is the primary objective, 
however, these artificial constraints constitute a distortion of overground balance dynamics, which 
presumably can interfere with the relearning of such balance. 
Despite the efficacy of the aforementioned control methods [12-17] in governing interaction between 
the patient and robot in robotically-assisted BWSTT systems, such methods are less well-suited to walking 
overground in an exoskeleton. Specifically, these control methods either dictate or substantially influence 
the spatiotemporal nature of leg movement or foot path (i.e., they have a substantive influence on either 
step length or step time). In the case of treadmill walking, desired step length and/or time is consistent and 
generally known. Further, the presence of overhead body-weight support mitigates the need to maintain 
balance. In the case of overground locomotion, however, enforcing or encouraging a given leg movement 
or footpath will generally present a balance perturbation, which may interfere with a patient’s ability to 
select step length and/or time, and thus interfere with the ability of the user to maintain balance when 
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walking. As such, a control methodology for gait assistance for an exoskeleton should ideally assist 
movement, without governing the spatiotemporal nature of the footpath, such that the patient is able to 
provide the movement coordination required to maintain balance (i.e., the patient must select a step length 
and time that maintains his or her zero-moment-point within his or her support polygon). In this manner, 
the system facilitates balance recovery, and avoids substantial balance perturbations.  This paper describes 
a control approach that provides this objective. Specifically, the approach provides floor-referenced 
walking assistance without substantially affecting a user’s ability to select a desired step length or time. 
Following a description of the control structure, the authors describe the implementation of the controller 
in a lower limb exoskeleton, and additionally describe some preliminary results of implementing the 
exoskeleton and controller on three post-stroke subjects.  
 
Controller to Facilitate Recovery following Stroke 
 
The general intent of the exoskeleton is to help a patient to recover the neural coordination associated with 
walking. The authors hypothesize that such recovery is facilitated by allowing the patient rather than the 
exoskeleton to provide movement coordination.  Specifically, coordination is considered a mapping 
between sensory input and motor output in the sense of a neural network, wherein weights in the neural 
network are incrementally adjusted based on iterative error correction. Consistent with a Hebbian model of 
learning (i.e., “neurons that fire together wire together”), adjustment of synaptic weights requires 
associating an afferent pattern of neural information with an efferent response. Thus, it is conjectured that 
having the patient provide movement coordination, and allowing the patient to incur and correct for errors 
in that coordination, will facilitate neural recovery (i.e., will facilitate the formation of appropriately 
weighted coordination maps). As such, the objective of the control approach presented here is to provide to 
the patient movement assistance (to compensate for muscle weakness and to enhance stability), without 
providing a desired movement path or trajectory.  
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The resulting controller, described subsequently, consists of the combination of three types of 
behaviors: gravity compensation, feedforward movement assistance during swing, and knee joint stability 
reinforcement during stance. The gravity compensation component consists of two sub-components: full 
gravity compensation for the mass of the exoskeleton, and partial gravity compensation for the patient’s leg 
mass during the swing phase of gait. The feedforward movement assistance consists of torque pulses that 
assist weak muscle groups when initiating or reversing joint movement at the beginning or middle of swing 
phase, as needed by the individual. The knee joint stability reinforcement takes the form of emulated spring-
damper elements (similar to those used to simulate surfaces in haptic interfaces), which mitigates knee 
instability in flexion or hyperextension during the stance phase of gait. With regard to the previously stated 
control objectives (i.e., providing movement assistance without providing coordination or trajectory 
control), the gravitational components involve no prescribed trajectories. The torque pulse components 
during swing provide non-trajectory-based movement assistance, and specifically supplement movement 
already initiated by the user and vanish well in advance of the end of the respective movements. Finally, 
the knee joint stability reinforcement is a passive component that prevents knee joint buckling during 
stance, but otherwise involves no prescribed time-basis or trajectories. Thus, the combination of these 
control components provides the user with movement assistance, but relies entirely on the user to provide 
the coordination for movement (e.g., to select step length and time). The control approach also relies entirely 
on the user to initiate all movement. If the user is not constantly initiating movement, the user and 
exoskeleton will not move. Thus, the control approach relies on the user to be fundamentally engaged in 
the walking activity, and to provide appropriate coordination for it. The respective components of the 
control approach, and the state machine within which they operate, are described in the following sections.  
 
Control States and Notation 
 
The exoskeleton controller is governed by a finite state machine consisting of six states, as illustrated in 
Fig. 3.1. Specifically, Fig. 3.1 depicts the exoskeleton configuration corresponding to each state, where the 
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affected leg is shown as a solid line, and the unaffected leg as a dashed line. The six states of the state 
machine are comprised of three primary configurations as follows: state 1 corresponds to the swing phase 
of the affected leg; state 2 corresponds to the double-support phase of walking; and state 3 corresponds to 
the swing phase of the unaffected leg. Each state is further comprised of two sub-states, as follows: sub-
state 1a corresponds to the portion of swing in which the affected knee is in a state of flexion; sub-state 1b 
corresponds to the portion of swing in which the affected knee is in a state of extension; sub-state 2a 
corresponds to double-support following heel strike of the affected leg; sub-state 2b corresponds to double-
support following heel strike of the unaffected leg; sub-state 3a corresponds to the portion of swing in which 
the unaffected knee is in a state of flexion; and sub-state 3b corresponds to the portion of swing in which 
the affected knee is in a state of extension. The sequence of states through which the controller would 
transition under normal walking conditions is illustrated in Fig. 3.1.  
 
 
Figure 3.1 - Finite states corresponding to the assistive controller, where the affected leg is shown as a solid 
line and the unaffected leg as a dashed line. The three main states correspond to the 1) affected leg in swing, 
2) double-support, and 3) unaffected leg in swing. 
 
As per the subsequently described experimental implementation, the controller assumes an 
exoskeleton with four actuators, which provide sagittal plane torques at both the affected and unaffected 
hip and knee joints. The actuator torque vector corresponding to the four actuator torques can therefore be 
defined as: 
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T
uhukahak ][ τ              (1) 
where ak  and ah  are the torque commands corresponding to the affected knee and hip joints, respectively, 
and uk  and uh  are the torque commands corresponding to the unaffected knee and hip joints, respectively. 
Since as previously mentioned the system is described by three configurational states, each with two sub-
states, the torque vector within the ith state can be denoted by iτ . For cases in which the control torque 
changes as a function of sub-state, the torque commands can be further indicated by iaτ  or ibτ , 
corresponding to the appropriate sub-state. Within each state, the control torque may consist of the 
combination of multiple assistive torque components. If each assistive component of torque is identified by 
the subscript j, the composite control torque can be denoted by ijτ . Given this notation, the control torques 
corresponding to the various assistive components are described below. 
 
Exoskeleton Gravity Compensation 
 
A gravity compensation component of the controller is intended to remove the gravitational burden of the 
exoskeleton mass from the user, and is described by the following control law: 
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where as  and at  are the angles with respect to the vertical of the affected shank and thigh segments, 
respectively, and us  and ut  are the angles with respect to the vertical of the unaffected shank and thigh 
segments, respectively, as identified in Fig. 3.2; ehm , etm , and esm  are the respective masses of the 
exoskeleton hip, thigh and shank segments; cehl , cetl , and cesl are the respective distances of the center of 
mass of the hip, thigh and shank segments of the exoskeleton from the hip, hip, and knee joints, respectively; 
etl  is the length of the exoskeleton thigh segment; and 
g
 is the magnitude of the gravitational acceleration. 
Note that the mass of the hip segment is shared equally between the two legs in the double support phases 
of gait (i.e., state 2). Note also that the gravity compensation described by this control law assumes that 
movement occurs principally in the sagittal plane (i.e., neglects out-of-plane movements). Finally, note that 
in the single-support phases (states 1 and 3), the contralateral limb must provide reactive torques, since the 
gravitational loads are ultimately reacted through the support foot by the ground. Finally, note that this 
component of the control law does not vary with sub-state. 
 
Partial Compensation of Swing-Leg Weight 
 
Hemiparetic patients frequently exhibit reduced muscle strength in the affected limb, which can impair the 
ability to achieve healthy joint excursions, and therefore clearance between the foot and ground during the 
swing phase of gait. In order to provide movement assistance without dictating joint trajectories, one of the 
components of the exoskeleton controller is a partial limb weight compensation of the affected leg during 
the swing phase of gait. Since the weight of the limb assists movement when movement of the limb is in 
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the direction of gravity (i.e. when gravity is performing positive work on the limb), active compensation 
during these phases could potentially increase the energetic output required by the user. As such, the partial 
limb weight compensation component is only exerted by the controller when the control torque works 
against the energy gradient (i.e., when the exoskeleton joint is generating power), and is zeroed when the 
control torque is along the energy gradient (i.e., when the exoskeleton joint absorbs power). As such, the 
partial limb weight compensation controller is described by: 
 
 Tahakahahr 12τ      (5) 
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 T0000 3222 ττ                                                (8) 
 
where 
ak  and ah  are the joint angles of the affected knee and hip joints, respectively, as identified in Fig. 
3.2; 
tm , and sm  are the respective masses of the user’s thigh and shank segments; tl  is the length of the 
thigh segment (note that this is the same value as 
etl ); ctl , and csl are the respective distances of the center 
of mass of the user’s thigh and shank segments from the hip and knee joints, respectively; and )1,0[r  is a 
user-selectable gain that determines the extent of limb weight compensation during the affected-limb swing 
phase. Note that the authors chose not to provide the corresponding reactive torques on the stance side of 
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the exoskeleton, since it was assumed that these loads were most appropriately reacted by the user’s 
unaffected leg (i.e., they would be reacted by the unaffected leg in the case that the affected leg was not in 
a weakened state). 
 
 
Figure 3.2 - Configuration parameters for assistive control approach. 
 
Feedforward Movement Assistance during Swing 
 
Reducing the apparent weight of the swing limb reduces the burden of movement, while maintaining an 
energetically passive character of human/exoskeleton interaction. Such assistance, however, may not be 
sufficient to achieve suitable swing-phase motion at the hip and knee joints, depending on the level of 
impairment in the affected limb, and also on the level of spasticity or tone present in the limb. Insufficient 
swing-phase motion at the hip and knee joints can consequently result in foot dragging during mid-swing, 
reduced step length, or inability to fully extend the knee prior to heel strike. In order to provide additional 
assistance without dictating joint trajectories, a control component is available to provide hip or knee joint 
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torque pulses at the initiation of swing, and/or during mid-swing when the knee changes its direction of 
rotation from flexion to extension. Specifically, in order to avoid providing trajectory-based assistance, the 
controller allows the user to initiate a given movement, then supplements that movement with a brief torque 
pulse at the respective joint, as follows: 
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 Tak 0001b3τ     (12) 
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 T0000 3323 ττ        (14) 
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where kfP  and kfT  are the torque pulse amplitude and duration, respectively, for the knee flexion torque 
pulse; hfP  and hfT  are the torque pulse amplitude and duration, respectively, for the hip flexion torque pulse; 
keP  and keT  are the torque pulse amplitude and duration, respectively, for the knee extension torque pulse; 
and 
at  and bt  are the length of time since the controller entered sub-states 1a and 1b, respectively. Note 
that the amplitude and duration of each torque pulse are selected and adjusted as needed by a particular 
patient. 
 
Knee Joint Stability Reinforcement during Stance  
 
The affected stance limb is often subject to instability, particularly at the knee joint, which can result in 
instability in flexion or hyperextension. In order to prevent such instability (i.e., buckling), the controller 
provides “soft” stops in flexion and hyperextension during single-support at the stance knee of the affected 
leg, which consist of simulated spring and damper couples as follows: 
 
 T0000 3414 ττ           (15) 
 
 Tak 00024τ      (16) 
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where k is the stiffness of the soft stop; b is the damping associated with the soft stop; and 
fss  and ess  are 
the angular positions of the flexion and hyperextension soft stops, respectively, at the knee. The composite 
assistive controller, which provides the movement assistance components as described individually above, 
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is collectively described within each finite state i by summing the torque components enumerated in 
equations (1) through (17):  
 



4
1j
iji ττ
      (18) 
 
Recall that the subscript i in (18) represents the ith state of the state machine, where i represents one of 6 
states (1a/b, 2a/b, or 3a/b) as illustrated in Fig. 3.1 and discussed in the following section. 
 
Structure of the State Machine 
 
The switching conditions that describe movement between the finite states of the state machine are shown 
in Fig. 3.3. In particular, switching between sub-states 1a and 1b, or 3a and 3b, is based on a change in the 
sign of the knee angular velocity in the affected and unaffected swing leg, respectively, as measured by 
angular encoders at the respective knee joints. The controller switches from single-support to double-
support states via detection of heel strike of the respective swing leg, which can be detected when the 
acceleration aligned with the respective leg, as measured by an accelerometer, exceeds a given threshold. 
Finally, the controller switches from double-support to swing (i.e., out of 2a or 2b) when the angular 
velocity of the respective thigh, as measured by a gyroscope, exceeds a given threshold (i.e., the user 
initiates swing by accelerating the thigh forward, until it reaches a detectable angular velocity).  
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Figure 3.3- Finite state machine switching conditions corresponding to the assistive controller. 
Experimental Implementation and Preliminary Assessment 
 
Exoskeleton Prototype 
 
The previously described assistive control approach was implemented on the Vanderbilt lower limb 
exoskeleton, which is shown in Fig. 3.4. Design of the exoskeleton was previously described in the context 
of providing legged mobility for individuals with paraplegia [1, 10]. The exoskeleton incorporates four 
control actuators (brushless DC motors acting through speed reduction transmissions) that provide sagittal-
plane torques at the right and left hip and knee joints (relative to the exoskeleton frame). The control 
actuators are capable of providing continuous torques at each joint of approximately 20 Nm, and peak 
torques of approximately 80 Nm for durations on the order of a few seconds (thermally limited). The 
exoskeleton is used with ankle foot orthoses (AFOs), which provide stability at the ankle joints and transfer 
the weight of the exoskeleton to the ground. Instrumentation (for measurement of configuration angles, Fig. 
3.2, and of state machine switching conditions, Fig. 3.3) include absolute and incremental encoders at each 
joint, and one six-axis inertial measurement unit (IMU) in each thigh link (i.e., two total). The exoskeleton 
is powered by a 30 v, 120 W-hr lithium polymer battery with a mass of approximately 600 g. The total 
mass of the system, including the battery, is approximately 12 kg (26.5 lb).  
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Preliminary Assessment Procedure 
 
In order to provide a preliminary assessment of the efficacy of the exoskeleton controller, and in particular 
to assess the appropriateness and potential of the assistive controller to facilitate walking in individuals with 
lower limb hemiparesis following stroke, the authors implemented the assistive controller on the Vanderbilt 
exoskeleton, and conducted a preliminary evaluation on three human subjects with lower limb hemiparesis 
following stroke. Relevant information regarding each subject is summarized in Table I. Prior to conducting 
the preliminary evaluations, the exoskeleton was fit to each subject, and the assistive control parameters 
incorporated in equations (5), (10), (11), (13), and (17) were tuned according to each individual subject’s 
needs, with the parameter tuning guided by a combination of physical therapist and subject input, such that 
once appropriately adjusted, the combined effort of the subject and exoskeleton achieved appropriate foot 
clearance during swing and knee stability during stance (as judged by the therapist). Specifically, the 
proportion of limb weight compensation r  (eqn 5) was initialized at zero and iteratively incremented until 
appropriate hip flexion was achieved in swing. Note that a torque pulse at the hip in early swing, as given 
by 
hfP  and hfT (eqn 11) could similarly be used to supplement hip flexion in swing, but was not employed 
for the assessments described here. The swing phase knee flexion torque pulse parameters 
kfP  and kfT
(eqn 10) were initialized at zero and iteratively incremented until appropriate knee flexion was achieved in 
early swing. Similarly, the swing phase knee extension pulse parameters keP  and keT (eqn 13) were 
initialized at zero and iteratively incremented until appropriate knee extension was achieved in late swing. 
Finally, the stance knee soft stop locations  
fss  and ess  (eqn 17) were adjusted to provide a small range 
of unencumbered motion around a neutral angle of the knee during stance, prior to engaging the virtual soft 
stops. In this manner, each individual subject was required to provide knee stability during the stance phase 
of gait, with the exoskeleton providing support only when the knee travelled outside of this range. The 
angle of engagement of the soft stops were established based on the collective comfort level of the subject 
and physical therapist regarding an appropriate range of knee movement prior to engaging exoskeleton 
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support. In particular, two of the subjects were comfortable with an unencumbered range of motion between 
zero and 8 deg (flexion), while one subject (whose knee was particularly prone to instability) preferred a 
range between 2 and 6 deg flexion. Because the level of impairment varied between patients, parameter 
selection was largely informed by what the physical therapist believed was an appropriate level of device 
assistance for each individual patient, rather than by predetermined goals for gait performance. Note that 
the stiffness and damping of the soft stops were determined by the investigators when constructing the 
controller, and therefore were not among the tunable parameters. Also, gravity compensation parameters 
(eqns 2-4, 6-7) were measured or estimated, and as such were not among the tunable parameters. The values 
for all tunable parameters used in the experiments for each subject are given in Table II. 
Once the assistive controller was suitably parameterized for each subject, a series of preliminary 
assessments were conducted. In particular, the preliminary assessments evaluated single-session gains in 
walking achieved by each subject in three separate therapy sessions. The nature of each session involved 
the subject walking overground with the exoskeleton (with assistive controller) for a period of 
approximately 30 min. Walking metrics were measured at the beginning of each session (i.e., prior to using 
the exoskeleton), and at the end of each session (i.e., immediately after doffing the exoskeleton). Three 
assessment metrics were utilized, including fast gait speed (FGS), step length asymmetry (SLA), and stride 
length (SL). Each session began with an approximately 5-minute warm-up which consisted of therapist-
assisted overground walking (without the exoskeleton), during which each subject used his or her standard 
stability aids (in all cases this consisted of a quad-cane and unilateral AFO, see Table I). Following the 
warm-up period, each subject was allowed to rest if desired, after which the subject performed a ten meter 
walk test (10MWT).  Subjects were instructed to “walk as fast as you safely can” over a 14 m distance, 
with the middle 10 m segment being timed to determine FGS.  
Following this “pre-session 10MWT” the subject donned the exoskeleton, and walked overground 
in the exoskeleton, with a physical therapist providing balance assistance as needed (i.e., contact guard 
assist), as shown in Fig. 3.5. All subjects used a quad-cane when walking with the exoskeleton, as per their 
respective standard practices when walking without the exoskeleton. Subjects walked for approximately 
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20-30 minutes, in approximately 5 minute segments, resting as needed between walking segments. Figure 
3.6 shows the hip and knee joint angles recorded on the paretic leg of subject 1 during a representative 
therapy session, averaged over ten consecutive strides, in addition to the hip and knee joint torque and 
power delivered by the exoskeleton.  In the plots, positive angles indicate flexion and negative extension; 
positive torques indicate flexive, and negative extensive; and positive power indicates the exoskeleton is 
providing power to the subject, while negative power indicates the exoskeleton is dissipating power. This 
data provides some indication of the nature of interaction between the exoskeleton and the subject. Some 
of the control components as indicated in the plots include: a) flexive hip torque associated with gravity 
compensation; b) power dissipation associated with gravity compensation of the exoskeleton mass; c) 
flexive knee torque associated with feedforward flexion assistance in early swing; d) extensive knee torque 
associated with feedforward extension assistance in mid swing; and e) knee joint torque assistance 
associated with the knee joint stability component during stance (i.e., immediately following heel strike). 
Note that in general the exoskeleton generates and dissipates power at different periods of the gait cycle, 
but on average provides net power to the user (i.e., on average is assistive rather than resistive). 
Following the period of walking in the exoskeleton, the subject doffed the exoskeleton and 
conducted a post-session 10MWT. Note that both the pre-session and post-session 10MWT were conducted 
without the exoskeleton. The full single-session protocol typically lasted approximately one hour. For each 
of the three subjects, the aforementioned single-session protocol was performed three times, each spaced 
three weeks apart to reduce the potential effects of carryover from previous sessions. 
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Figure 3.4 - Vanderbilt lower-limb exoskeleton. 
 
 
 
 
 
TABLE 4 
Baseline Characteristics of Stroke Subjects 
Subject  1 2 3 
Age (yrs) 39 42 69 
Mos Post-Stroke 3 10 17 
Affected Side Right Left Right 
    
Stability Aids Used Quad Cane,  
R AFO 
Quad Cane,  
L AFO 
Quad Cane,  
R AFO 
    
Baseline FGS (m/s) 0.33 0.07 0.19 
Baseline SLA (%) 29 115 27 
Baseline SL (cm) 88.7 33.2 66.3 
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Figure 3.5 - Experimental subject walking in the exoskeleton during a training session. A physical therapist 
offers assistance as needed. 
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Figure 3.6 - Paretic leg hip and knee joint angles during exoskeleton walking from therapy session with 
subject 1, averaged over ten strides, and the associated torque and power at both joints imparted by the 
exoskeleton. 
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TABLE 5 
Tunable Control Parameters for Each Subject 
Subject 1 2  3 
r 0.20 .85  0.75 
Pkf (Nm) 17 0  17 
Tkf (s) 0.5 0.5  0.8 
Phf (Nm) 0 0  0 
Thf  (s) 0.5 0.5  0.8 
Pke (Nm) 10 5  12 
Tke (s) 0.5 0.5  0.8 
γfss (deg) 8 6  8 
γess (deg) 0 2  0 
 
 
Single-Session Results 
 
Single-session effects were assessed by comparing the pre-session and post-session measures of FGS, SLA, 
and SL, with the difference presumably attributed to the session of overground exoskeleton walking. Note 
that FGS was calculated using a stopwatch as the average speed during the (middle 10 m portion of the) 
10MWT, while SLA and SL were both measured via video post-processing of the recorded 10MWT. SLA 
is defined as: 
a
u
x
x
SLA 1
      (19) 
where ux  is the average step length of the unaffected leg, and ax  is the average step length of the affected 
leg. This definition of SLA is slightly modified from other similar definitions present in the literature to 
evaluate step length asymmetry [28, 91]. Specifically, in the definition given in equation (19), a smaller 
value indicates increased symmetry, while a larger value indicates reduced symmetry. A perfectly 
symmetric gait would have an SLA score of 0, while an exact “step-to” gait (i.e. the unaffected limb is 
brought even with the affected limb during swing) would have an SLA value of 1. When comparing post-
session to pre-session values, the percent change is indicated by the ratio of post and pre-session values of 
FGS and SL, while it is indicated by the difference between post and pre-session values of SLA, since SLA 
is already a ratio. Figure 3.7 shows the average improvement for each outcome measure across the three 
trials, grouped by subject. As is evident in Fig. 3.7, all subjects showed improvements in all outcome 
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measures in each of the trials. Figure 3.8 shows the single-session improvements for each outcome measure 
averaged across all subjects. Subjects demonstrated average improvements of 26%, 26%, and 30% in FGS, 
SLA, and SL, respectively.  
 
Conclusion 
 
The authors present the implementation of an assistive controller for a lower limb exoskeleton, intended to 
facilitate recovery of walking function to persons with hemiparesis following stroke. The authors 
hypothesize that such recovery is facilitated by allowing the patient rather than the exoskeleton to provide 
movement coordination. As such, the objective of the control approach presented here is to provide to the 
patient movement assistance, without providing a desired joint angle path or trajectory. Accordingly, the 
authors developed and describe here a controller that provides walking assistance to the user, without 
dictating the spatiotemporal nature of a given movement, such that the user is required to provide the 
coordination of movement. In order to provide a preliminary assessment of efficacy, the authors 
implemented the controller on an exoskeleton prototype, and studied single-session improvements in 
walking in three subjects with lower limb hemiparesis following stroke. All subjects showed substantial 
improvement in three walking metrics in all sessions, indicating that the assistive control approach may 
have promise with respect to facilitating walking recovery. Future studies with a larger number of subjects 
and with longer periods of dosing will be required to fully assess the efficacy of such a system in providing 
recovery of walking following stroke. 
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Figure 3.7 - Average single-session gains across all sessions for each measure grouped by subject. Error 
bars indicate plus/minus one standard deviation. 
 
Figure 3.8 - Average single-session gains for each outcome measure averaged for all subjects and all 
sessions.  Error bars indicate plus/minus one standard deviation. 
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ADDENDUM 
 
The preliminary study reported in Manuscript III demonstrated first and foremost that a non-trajectory 
based controller was feasible. The study also served to demonstrate that the developed NTB controller was 
capable of providing assistance to subjects with hemiparesis resulting from stroke. While the focus of 
Manuscript III is on the resulting changes to the subject’s gait parameters, it should be noted that there had 
been no previous evidence to promote these baseline assumptions, and as such, assisting three subjects with 
hemiparesis in gait training with the NTB controller was in and of itself an accomplishment. As reported, 
the improvements to the subjects’ gait parameters were also significant. However, this pilot study left 
several questions unanswered. First, was the NTB controller producing functional improvements in the 
subject’s gait parameters which matched, exceeded, or fell short of the improvements produced by existing 
trajectory-based controllers? Single-session gains are not typically used as a metric for functional gait 
improvement as the long-term retention of these improvements is of critical importance. As such, the 
literature does not offer data which would permit comparison between the single-session gains observed 
when using the NTB controller and single-session gains produced by other RAGT systems. Second, were 
the exoskeleton and controller actually impacting the observed single-session gains? Because no control 
experiments without exoskeleton assistance were performed it was possible that the gains were merely due 
to practicing overground gait with a PT present for support. Finally, would these gains be maintained over 
time? The first and second questions motivated the experiment reported in Manuscript IV. The final 
question remains to be answered. The addendum to Manuscript IV in Chapter V discusses some evidence 
which was collected which suggests that subjects with hemiparesis do retain a portion of the gains made in 
practicing gait with the NTB controller.   
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CHAPTER V 
 
 
COMPARISON OF NON-TRAJECTORY BASED AND TRAJECTORY BASED CONTROL 
 
Conducting a large-scale randomized controlled trial (RCT) to determine the efficacy of a robotically-
assisted gait trainer (RAGT) in restoring gait is a significant undertaking that requires substantial time, 
effort, and funding resources. The number of subjects required ranges significantly, but evaluations of 
RAGT systems typically involve somewhere between 50 and 200 patients to be divided into the 
experimental and control groups (based on recent RAGT RCT studies [49-51]). These subjects participate 
in gait training somewhere from three to five times weekly for a duration of up to 12 weeks, requiring 
thousands of man-hours from the patients as well as the physical therapists (PTs) performing the training. 
Monetary considerations alone are substantial with the total costs of such a study potentially exceeding one 
million dollars per month [92]. Further, if the experimental group forgoes additional therapy during the 
acute phases of stroke, study participants could potentially be left with increased impairment levels as the 
result of training with an inferior intervention.  
 With these deterrents to performing an RCT, it is necessary and responsible to conduct a 
considerable amount of preliminary work to establish an RAGT’s efficacy before pursuing a large-scale 
trial. The work reported in Manuscript III suggested that the non-trajectory based (NTB) controller was 
capable of improving the fast gait speed, stride length, and step-length asymmetry of patients with 
hemiparesis. However the results did not clearly demonstrate that the NTB controller was superior to a 
trajectory-based (TB) controller implemented on an overground exoskeleton, or to conventional overground 
therapy (CT) performed by skilled PTs.  The goal of the work presented in Manuscript IV was to 
demonstrate that the NTB controller was capable of producing greater gains in gait parameters when 
compared to gains made with a TB controller or CT intervention. The manuscript has been submitted for 
publication in the IEEE Transactions on Neural Systems and Rehabilitation Engineering.  
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MANUSCRIPT IV: A PRELIMINARY CROSSOVER STUDY COMPARING THE EFFICACY OF 
TRAJECTORY-BASED AND NON-TRAJECTORY BASED CONTROL IN A LOWER-LIMB 
EXOSKELETON 
 
Abstract 
 
This paper presents a pilot study that explicitly investigates the relative efficacy of using a trajectory versus 
a non-trajectory based control strategy for the control of a lower-limb exoskeleton, with respect to 
facilitating gait recovery in individuals with lower limb hemiparesis following stroke. The authors describe 
two control strategies for a lower-limb exoskeleton intended to aid gait rehabilitation in individuals with 
lower-extremity hemiparesis after stroke. One is a non-trajectory-based control approach, similar to one the 
authors have presented previously, and the other is a trajectory-based controller. Following the descriptions 
of these controllers, the authors present the results of a preliminary crossover study intended to assess the 
efficacy of these control approaches in facilitating gait recovery following stroke. In the study, both 
controllers were implemented on a lower limb exoskeleton, and tested on three subjects with hemiparesis 
following stroke. In a series of six sessions, each subject participated in overground gait training with each 
controller for two sessions, and completed an additional two sessions of overground gait training without 
the exoskeleton. Data collected during 10 meter walk tests prior to and following each gait training session 
were used to assess the relative impact of each session on each subject’s gait. Results of these studies 
indicate that exoskeleton training with the non-trajectory-based controller was significantly more effective 
in providing (single-session) recovery gains than either the exoskeleton with trajectory-based controller, or 
than overground gait training without the exoskeleton.   
 
Introduction 
 
With an estimated 6.6 million people in the United States having survived a cerebrovascular accident 
(CVA) and an estimated 610,000 first-incident CVAs occurring each year, CVA is one of the leading causes 
of chronic disability in the United Stated [93]. Restoration of gait functionality is typically a high priority 
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in the rehabilitation of patients with lower-limb hemiparesis [15, 52], which has motivated the development 
of a number of robotically-assisted gait-training devices, particularly in recent years. Although results vary 
in the highly-heterogeneous population of stroke patients, a recent survey of evidence indicates that 
electromechanically-assisted rehabilitation interventions on average improve the likelihood that a patient 
will recover the ability to ambulate independently in a meta-analysis of numerous devices [66]. Many 
control approaches have been proposed and described for the control of these robotically-assisted devices 
[39-41, 46, 47, 89, 94-98]. These control strategies can be roughly categorized as belonging to either a 
trajectory-based controlled or non-trajectory-based type. The former dictates the spatiotemporal nature of 
joint movement, while the latter does not. Examples of the latter include force tunnels around the desired 
trajectory [40, 41, 47], teach-and-replay impedance based control strategies to generate subject-specific 
trajectories [37], and model-based strategies to target specific portions of the gait cycle [38, 39].   
A trajectory-based control approach in essence provides full coordination and effort associated with 
movement. A trajectory control approach can be implemented with a number of standard approaches (i.e., 
within a high-gain PD control loop), and can also offer functional advantages relative to a non-trajectory 
control approach, such as the ability to consistently reproduce healthy gait kinematics, the ability to provide 
full movement assistance, and the ability to provide early therapy to subjects who may otherwise be non-
ambulatory. Despite these potential advantages, the authors hypothesize that in the case of a trajectory-
based approach, since the machine both coordinates and generates movement, the patient may be inclined 
to assume a passive role within it. It is well-known that increased engagement of the patient results in 
improved outcomes [68, 70], and therefore recovery is more likely if the machine promotes active rather 
than passive engagement. Thus, despite the advantages of a trajectory-based controller, the authors 
hypothesize that a non-trajectory-based control approach would place increased responsibility for 
coordination and movement on the patient, and would therefore require greater engagement, and thus 
presumably result in improved functional outcomes.  
Based on this hypothesis, the authors developed in prior work [99] a non-trajectory-based assistive 
exoskeleton controller that provided walking assistance without dictating the spatiotemporal nature of joint 
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movement, based on the hypothesis that a trajectory-based control approach would interfere with, and 
therefore be less well-suited to, gait recovery. The non-trajectory-based control approach was shown in 
preliminary studies to provide promising single-session improvements in the gait of stroke-affected 
patients. That work, however, did not explicitly test the hypothesis regarding the relative efficacy of a 
trajectory versus a non-trajectory based exoskeleton control strategy. Specifically, would the improvements 
have been different if the lower limb exoskeleton had employed a trajectory-based controller? Even more 
so, were the improvements due to the assistance of the exoskeleton, or would gait training sessions of 
similar duration without an exoskeleton have resulted in similar outcomes? The intent of the work described 
here is to more explicitly investigate these questions, within the statistical limitations of a pilot study.  
In order to address these questions, and specifically to test the hypothesis that a non-trajectory-
based exoskeleton control approach is better suited to facilitating recovery relative to a trajectory-based 
approach, the authors developed a trajectory-based control approach for a lower-limb exoskeleton, 
implemented both control approaches on the Exoskeleton prototype, and employed the exoskeleton and 
both versions of controller in a pilot clinical study involving  three subjects with hemiparesis resulting from 
stroke. In addition to therapy sessions with the trajectory based and non-trajectory based controllers, 
subjects participated in therapy sessions in which they did not use the exoskeleton, and were instead given 
conventional overground gait therapy by an experienced physical therapist (PT). Sessions performed 
without the exoskeleton acted as a control to determine whether the use of the robot was beneficial to the 
subjects, relative to a conventional gait therapy session. Each subject participated in two therapy sessions 
under each therapy condition (trajectory based exoskeleton therapy, non-trajectory based exoskeleton 
therapy, and the control condition) which were presented to each subject in a semi-randomized order to 
minimize any ordering effects. Single-session gains were measured during 10 meter walk tests (10MWT) 
performed prior to and immediately following each therapy session (all assessments were performed 
without wearing the exoskeleton). This paper describes each of the three therapy conditions, the 
experimental procedure, and the results of these pilot studies. A discussion section follows which analyzes 
the results and discusses future work.  
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Controller Descriptions 
 
Both the non-trajectory-based (NTB) and trajectory-based (TB) controllers operate using a finite state 
machine which divides the gait cycle into discrete states and dictates behavior based on state. The NTB 
controller has been described in detail previously by the authors [99]. For completeness, the salient features 
of the controller are briefly described below. The TB controller was developed to provide freedom of the 
unaffected leg, while still enforcing trajectory-based control of the affected-side hip and knee joints in the 
sagittal plane. A complete description of the TB controller is provided below.  
 
The Non-Trajectory Based Controller 
 
The NTB controller consists of four assistive components, consisting of: 1) exoskeleton gravity 
compensation, 2) partial compensation of swing leg weight, 3) feedforward movement assistance in swing, 
and 4) knee joint stability reinforcement during stance. None of these assistive components enforce a 
trajectory at any point in the gait cycle (i.e., none involve a time-dependence). Note that while exoskeleton 
gravity compensation is provided to both legs, the latter three assistive components are imposed exclusively 
on the affected leg. As such, the torque components applied to the unaffected leg are restricted to: 1) gravity 
compensation for the weight of the exoskeleton, and 2) reactive torques that transfer the assistive torques 
employed on the affected leg during swing phase to ground. The components of the NTB controller are 
briefly described below. See [99] for a more detailed description of the NTB controller. 
 
Finite State Control Structure 
 
A finite state machine (FSM) dictates the sequencing of the assistive components (as a function of state) by 
dividing the gait cycle into three primary states and six sub-states. States 1, 2, and 3 correspond to the 
swing-phase of the affected leg, the double-support phase, and the swing-phase of the unaffected leg 
respectively. Substate 1a comprises the portion of the affected-leg swing phase in which the knee is flexing. 
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Substate 1b comprises the portion of the affected-leg swing phase in which the knee is extending. Substate 
2a comprises the double support phase following the heelstrike of the affected leg. Substate 2b comprises 
the double support phase following the heelstrike of the unaffected leg. Substate 3a comprises the portion 
of the unaffected-leg swing phase in which the knee is flexing. Substate 3b comprises the portion of the 
unaffected-leg swing phase in which the knee is extending. The sequence of states, and the exoskeleton’s 
configuration in each state is depicted in Fig. 4.1. Fig. 4.2 depicts the switching conditions for the state 
machine of each of the two controllers. For the NTB controller, Fig. 4.2a, transitions between double 
support and swing phases (i.e. the transition from states 2a to 3a and the transition from 2b to 1a) occur 
when the angular velocity of the swing-leg exoskeleton-link, as measured by an onboard inertial 
measurement unit (IMU), exceeds a given threshold. Transitions between the substates of states 1 and 3 (1a 
to 1b and 3a to 3b) occur when the velocity of the knee joint changes from a positive (flexing) to a negative 
(extending) value, as measured by angular encoders at the knee joint. Transitions between swing states and 
double support states (3b to 2b and 1b to 2a) occur when heel strike is detected in the swing leg, which is 
detected when the acceleration along the thigh-link of the exoskeleton exceeds a given threshold, as 
measured by an accelerometer.   
 
 
Figure 4.1. Sequence of states used in the finite state machine and the configuration of the user in each 
state. The dashed line indicates the unaffected limb while the solid line indicates the affected limb. 
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Figure 4.2. State-machine switching conditions for both a.) the non-trajectory based controller and b.) the 
trajectory based controller 
 
Control Components Imposed on Unaffected Leg 
 
The unaffected leg is assisted exclusively with exoskeleton gravity compensation (i.e., intended to negate 
the weight of the exoskeleton), which is active only during state 3 (unaffected leg swing phase). No assistive 
components are actively imposed on the unaffected leg in states 1 (unaffected leg stance) or 2 (double-
support).  
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Control Components Imposed on Affected Leg 
 
In addition to exoskeleton gravity compensation (intended to negate the weight of the exoskeleton), three 
other control components assist the affected leg, as described below.  
 
Partial Compensation of Swing Leg Weight 
 
Weakness in the affected limb is a common symptom of hemiparesis. In order to reduce the gravitational 
burden of swing and promote increased joint excursion without driving the joints along a predefined joint 
trajectory, the NTB controller provides compensation for a (user-selectable) portion of the swing-leg mass 
during the affected-leg swing phase of gait (states 1a and 1b). However, because the weight of the limb aids 
movement as the leg moves in the direction of gravity, reducing limb weight when with the gravitational 
energy gradient would increase the effort required of the patient to return the foot to the ground. As such, 
this assistive component is active only when the motion of the leg is opposite the direction of gravity (i.e. 
when the joint is producing positive work), and is disabled otherwise. The portion of the limb weight to be 
balanced is variable and may be adjusted between 0% and 100% of the limb’s estimated mass. Because the 
portion of limb weight to be balanced is never set to compensate more than 100% of the estimated torque 
generated by the limb’s weight, this component reduces joint torques while remaining energetically passive. 
 
Feedforward Movement Assistance during Swing 
 
In cases of extreme weakness, tone, or spasticity in the muscles of the paretic limb, the NTB controller can 
provide additional assistive torque pulses at each joint to either help initiate and/or terminate swing (i.e., at 
the beginning of substates 1a and 1b, respectively). The amplitude and duration of each torque pulse may 
be adjusted individually for each joint and each phase.  
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Knee Joint Stability Reinforcement during Stance 
 
While most assistive components of torque assist with the swing phase of gait, the NTB controller also 
provides an assistive component to guard against instability in the affected-limb knee during stance phase 
by providing emulated spring-damper couples which create “soft” stops when the knee joint flexes or 
extends beyond an adjustable set flexion and extension limits. This component is active during the affected-
leg, single-support phase of stance (substates 3a and 3b). The flexion and extension limits, as well as the 
spring coefficient and damper coefficient, are PT adjustable and are set based on the needs of the patient.  
 
The Trajectory Based Controller  
 
The TB controller was developed in order to test the relative value and appropriateness of using an NTB 
versus a TB controller to facilitate walking recovery in overground walking with a lower limb exoskeleton 
following stroke. Like the NTB controller, all assistive torques are directed at the affected leg, while the 
torque components applied to the unaffected leg are restricted to: 1) gravity compensation for the weight 
of the exoskeleton, and 2) reactive torques that transfer the assistive torques employed on the affected leg 
during swing phase to ground.  
 
Finite State Control Structure 
 
The TB controller employs a similar FSM as used in the NTB controller, although 1) swing phase consists 
of one rather than two states and 2) the conditions for entering and exiting swing phase are somewhat 
different. The TB FSM is shown in Fig. 4.2b. Regarding the former, while the NTB controller divides swing 
into a knee flexion and knee extension portion in order to appropriately time assistive torque pulses, the TB 
controller uses a single trajectory for swing, and therefore need not separate it into two states. With regard 
to the latter, while the NTB FSM enters swing based on thigh angular velocity in late stance, the TB FSM 
enters swing phase based on the thigh angle (with respect to gravity). Since the joints follow predetermined 
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trajectories in the TB controller, switching based on angle provides better velocity matching between the 
initial knee and hip angular velocities, and those of the predetermined desired trajectories (all of which start 
at rest).  
 
Control Components Imposed on Unaffected Leg 
 
As with the NTB controller, the unaffected leg is assisted exclusively with exoskeleton gravity 
compensation (i.e., intended to negate the weight of the exoskeleton), which is active only during state 3 
(unaffected leg swing phase). No assistive components are actively imposed on the unaffected leg in states 
1 (unaffected leg stance) or 2 (double-support). 
 
Control Components Imposed on Affected Leg 
 
During affected-leg swing and stance (i.e., states 1 and 3, respectively), the TB controller incorporates high-
gain proportional-derivative (PD) control loops to control the angular position of the affected-side hip and 
knee joints. The control loops and joint angle trajectories employed in this trajectory-based controller are 
the same as the ones reported in [1]. The trajectories are parametric, such that 1) the initial angular position 
of the hip and knee, 2) the peak angular position of the hip and knee, and 3) the step time can all be adjusted 
by the PT to suit the needs of a given patient. During the double-support phase (state 2), the knee and hip 
joints of the affected leg are stabilized with spring and damper couples, as reported in [1].   
 
Methods 
 
Exoskeleton Prototype 
 
The previously described NTB and TB controllers were implemented on a lower-limb exoskeleton 
prototype, shown in Fig. 4.3. The prototype utilizes a commercially-available lower-limb exoskeleton 
(Indego Exoskeleton, Parker Hannifin Corp) as a hardware platform, and replaces the commercial version 
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of the software with the NTB and TB controllers described here. The Indego exoskeleton hardware platform 
incorporates 4 motors for powered movement of bilateral hip and knee joints in the sagittal plane, in addition 
to built-in ankle-foot-orthoses (AFOs) at both ankle joints to provide ankle stability and transfer the weight 
of the exoskeleton to the ground. Onboard electronic sensors include absolute and incremental encoders at 
each joint and a six-axis inertial measurement unit (IMU) in the thigh link of each leg. The total mass of 
the exoskeleton including the battery is 12 kg (26 lbs). A more detailed description of the hardware platform 
is provided in [6]. 
 
 
Figure 4.3. The Indego Exoskeleton 
 
Preliminary Crossover Study 
 
Initial experiments characterizing single-session effects of using the exoskeleton with the NTB controller 
indicated that subjects were able to walk overground with improved gait speed, stride length, and step-
length asymmetry after 20 to 30 minutes of exoskeleton-assisted overground gait therapy. However, that 
study did not explicitly demonstrate that these gains were the result of the exoskeleton-assisted therapy, 
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since more conventional therapy (i.e., without an exoskeleton) could have produced a similar result. Further, 
while the authors hypothesized that a NTB controller would better facilitate walking recovery relative to a 
TB controller, the pilot study did not incorporate a TB controller to provide a basis for comparison. As 
such, the previous study offered promising results, but without controlled cases (i.e., context) with which 
to interpret the results.  
In order to investigate the hypothesis that a NTB controller might better facilitate recovery of walking 
in hemiparetic patients, both the TB controller and the NTB controller were implemented in the exoskeleton 
prototype, and a preliminary crossover study was performed to evaluate the single-session gains made by 
three subjects with lower-limb hemiparesis, comparing the exoskeleton intervention with NTB controller 
to the exoskeleton intervention to TB controller, and to a similar period of overground walking, without the 
use of an exoskeleton.   
 
Study Design 
 
Each patient participated in a total of six therapy sessions; two sessions in the exoskeleton using the NTB 
controller, two sessions in the exoskeleton using the trajectory based controller, and two sessions in which 
the patient did not interact with the exoskeleton and instead practiced overground gait with PT assistance. 
The order in which these three conditions (exoskeleton with NTB controller, exoskeleton with TB 
controller, and control condition without exoskeleton assistance) were presented was randomized to 
eliminate ordering effects in the data. Subjects participated in the same therapy condition two weeks in a 
row to minimize confusion and learning time when switching between conditions. The order of conditions 
for each patient is presented in Table II. Each session was performed one week apart to allow time for 
washout between sessions.  
Before beginning therapy sessions, subjects were fitted for the exoskeleton and had their baseline 
gait characteristics evaluated. Table I summarizes the baseline gait characteristics of the participants prior 
to beginning therapy sessions. Each therapy session lasted two hours and was structured slightly differently 
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depending on the therapy condition used. The session structure for each case is described below. 
 
TABLE 6 
Baseline Characteristics of Stroke Subjects 
Subject 1 2 3 
Age (years) 50 61 61 
Months Post-Stroke 7 12 22 
Affected Side Left Right Right 
Stability Aids Used 
Quad 
Cane 
Cane 
Quad 
Cane 
 L AFO  R AFO 
Baseline FGS (m/s) 0.49 0.36 0.30 
Baseline SL (cm) 98 81 74 
 
 
TABLE 7 
Therapy Condition Order for Each Subject 
 Therapy Condition 
Subject Session 1-2 Session 3-4 Session 5-6 
1 
Trajectory 
Based 
Non-
Trajectory 
Based 
Control 
2 
Non-
Trajectory 
Based 
Control 
Trajectory 
Based 
3 Control 
Non-
Trajectory 
Based 
Trajectory 
Based 
 
Non-Trajectory-Based Controller Protocol 
 
The subject arrived and had blood pressure (BP) and heart rate (HR) measured by the PTs. The PTs then 
assisted the subject in overground gait for approximately 5 minutes to ensure the subject was warmed up. 
The subject then donned the inertial motion capture system (MVN Awinda inertial motion capture system, 
Xsens Technologies) consisting of a set of 17 motion trackers affixed to limb segments via elastic bands, 
with assistance from the PTs, and performed two timed 10MWTs while the subject’s gait kinematics were 
recorded. The subject then doffed the motion capture system and donned the exoskeleton, both with PT 
assistance. With PTs providing balance assistance as needed the subject walked for 20 to 25 minutes in 
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approximately 5 minute increments. Figure 4.4 shows one of the subjects walking in the exoskeleton during 
a typical gait training session with the assistance of a PT. Subjects were allowed to rest as needed during 
the session.  Following gait training, the subject doffed the exoskeleton with PT assistance and practiced 
walking without the exoskeleton for approximately 5 minutes to ensure a transition between the exoskeleton 
intervention and unassisted walking. The subject then donned the motion capture trackers with PT 
assistance and performed two additional 10MWTs, during which the subject’s gait kinematics were 
recorded.  
 
 
Figure 4.4. A subject walking in the Indego Exoskeleton. A PT is present to provide balance assistance if 
needed.   
 
Because the NTB controller has numerous tunable parameters, it was necessary to adjust the controller 
settings to suit the assistive needs of each subject. This was performed during the therapy session and was 
considered to be part of the allocated 20 to 25 minutes of walking. Additional or incremental changes to 
assistive control components were made as requested by the PTs to achieve a desired level of exoskeleton 
assistance, as per the PTs’ clinical judgment, during the session. The procedure for adjusting assistive 
control parameters during affected-leg swing was as follows: 1) the percentage of limb weight to be 
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compensated, r, was set to 0% initially and incremented until the subject achieved a desirable amount of 
hip flexion during swing; 2) the flexive feedforward torque pulses at the knee were set to 0 initially and 
gradually increased in extent until the subject achieved a desirable amount of knee flexion during swing; 
3) the extensive feedforward torque pulses at the knee were set to 0 initially and gradually increased to 
achieve a desirable extent of knee extension at heel strike. The soft-stop boundaries in flexion and extension 
employed during affected-leg stance were initially set to 40 and 0 degrees respectively, which established 
a wide band of unimpeded motion around the knee. These boundaries were then adjusted as per the subject’s 
and PT’s discretion to create a higher degree of support around the specific subject’s neutral joint angles if 
desired. Table III summarizes the tunable control parameters used for each subject, as recorded at the end 
of their second NTB therapy session (i.e. the final parameters they used with the NTB controller). 
 
Trajectory-Based Controller Protocol 
 
The protocol for the TB controller was nearly identical to that of the NTB controller. Subjects arrived, had 
BP and HR measurements taken, warmed up with PT assistance for 5 minutes, donned the motion capture 
trackers, performed two 10MWTs, doffed the motion capture trackers, donned the exoskeleton, walked for 
20 to 25 minutes with rests as needed, doffed the exoskeleton, practiced walking without the exoskeleton 
(although with PT assistance) for 5 minutes, donned the motion capture trackers, performed two 10MWTs, 
and then doffed the motion capture trackers.  
The TB controller has several tunable parameters, but subjects were typically able to walk in the system 
once the orientation threshold of the unaffected thigh was set to an appropriate level to permit easy step 
triggering by the subject. All subjects began training with a standardized set of parameters. Adjustments to 
joint excursion, step speed, or step length of the affected leg were made if desired by the PT to suit the 
needs of each subject. Table IV summarizes the final parameters used by each subject at the end of the 
second TB controller session.   
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Control Protocol  
 
The control sessions entailed a similar dosage of walking as the NTB and TB exoskeleton sessions, but 
without using the exoskeleton, henceforth referred to as the NE intervention. The protocol for the NE 
sessions differed significantly from the two exoskeleton protocols in that the subjects did not interact with 
an exoskeleton. As such the protocol was adjusted as follows: The subject arrived and had BP and HR 
measured by the PTs. The PTs then assisted the subject in overground gait for approximately 5 minutes to 
ensure the subject was warmed up. The subject then donned the motion capture trackers with assistance 
from the PTs and performed two timed 10MWTs while the subject’s gait kinematics were recorded. The 
subject then doffed the motion capture trackers with PT assistance. The subject then walked for 20 to 25 
minutes in approximately 5 minute increments. Subjects were allowed to rest as needed during the session.  
During this period, PTs coached the subject on improving their gait and manually assisted the subject as 
appropriate to improve the subject’s gait kinematics. Examples of assistance include manually-assisted 
weight shifting, manually-assisted stance-limb support by bracing the subject’s affected-side knee with the 
PTs hands, and balance assistance as needed. The subject then practiced overground gait for up to 5 minutes, 
after which the subject donned the motion capture trackers with PT assistance, and then performed two 
additional timed 10MWTs while the subject’s gait kinematics were recorded.  
 
TABLE 8 
Non-Trajectory Based Tunable Control Parameters 
for Each Subject 
Subject 1 2  3 
r (%) 55 50  65 
Pkf (Nm) 0 12  0 
Tkf (s) 0 0.3  0 
Pke (Nm) 8 8  6 
Tke (s) 0.5 0.5  .5 
γfss (deg) 18 13  25 
γess (deg) 13 0  0 
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TABLE 9 
Trajectory Based Controller Tunable Control 
Parameters for Each Subject 
Subject 1 2 3 
Step time (s) 1.6 1.3 1.4 
Early Stance Hip Angle 
(deg) 
-2 5 3 
Late Stance Hip Angle 
(deg) 
-12 -5 -10 
Peak Swing Hip Angle 45 45 45 
Stance Knee Angle (deg) 10 5 2 
Peak Knee Swing Angle 
(deg) 
50 60 55 
Step Trigger Threshold 
(deg) 
-12 -12 -12 
 
Results 
 
As with the authors’ previous preliminary study, this study assessed single-session gains resulting from the 
intervention, rather than cumulative gains resulting from consistent dosing. Single-session effects are 
defined as differences in gait characteristics measured immediately after a single intervention session, 
relative to those measured immediately before. Such differences are attributable with a high degree of 
confidence to the intervention. Assessing single-session gains enables collection of multiple data points 
without undue burden on each subject, and with a reasonable expenditure of experimental resources. 
Further, the existence of single-session gains are a necessary condition for cumulative gains, and thus, 
demonstration of successful single-session gains is a prerequisite for demonstration of long-term gains. 
Finally, single-session gains are presumably not confounded by issues of spontaneous recovery. Despite 
the rationale for assessing single-session gains, demonstration of such gains are clearly not sufficient to 
demonstrate long-term recovery, and thus any promising single-session outcomes must eventually be 
substantiated with longitudinal studies that validate cumulative gains and persistence of effect associated 
with the intervention. 
The single-session effects of each controller were assessed by comparing the motion capture data 
recorded during the pre-session and post-session 10MWTs. Fast gait speed (FGS) was selected as the 
primary outcome measure, with secondary outcome measures of stride length (SL), affected-side knee 
77 
 
excursion (ASKE), and affected-side hip excursion (ASHE). FGS was measured by timing the 10MWT. 
SL data was extracted via motion capture post-processing of the 10MWT data, and is defined as the distance 
travelled during two consecutive steps. ASKE and ASHE data were extracted via motion capture data 
analysis and were defined as the peak flexion angle achieved by the joint during a gait cycle minus the 
maximum extension angle achieved by the joint during the same cycle, averaged across all strides of the 
10MWT.  
 Figs. 4.5 and 4.6 display average improvement for each of the measured gait parameters, averaged 
across all subjects and all sessions, separated by type of intervention (i.e., exoskeleton with NTB control, 
exoskeleton with TB control, and walking without the exoskeleton). As is evident in the figure, all 
interventions resulted in improvements in the measured gait metrics, with the exceptions of the NE 
condition slightly decreasing SL on average, and the TB controller having essentially no impact on ASHE. 
As is also evident, the NTB controller produced the largest average single-session gains in FGS, SL, and 
ASKE, and produced results similar to those of the NE condition in ASHE. Change values for each subject 
and each session are tabulated in Table 5 along with the calculated average values. 
 
 
Figure 4.5. Single-session changes in FGS and SL for each controller, averaged across all subjects and all 
sessions. Error bars indicate the Standard Error of the Mean (SEM).   
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Figure 4.6. Single-session changes in ASKE and ASHE for each controller, averaged across all subjects 
and all sessions. Error bars indicate the Standard Error of the mean (SEM). 
 
 
Discussion 
 
The goal of these experiments was to assess the relative value of two robotically-assisted control 
paradigms in facilitating gait recovery in subjects with lower limb hemiparesis from CVA. Specifically, 
the study compared the relative efficacy of a NTB control approach and a TB control approach, both 
relative to overground gait training with an exoskeleton. Because all subjects participated in therapy with 
each therapy condition, intra-subject comparisons of the efficacy of each therapy condition can be made. 
After training in the exoskeleton with the NTB controller, Subject 1 experienced increased FGS 
and SL, suggesting that the subject had an overall improved gait pattern. When training in the TB controller, 
Subject 1 demonstrated greatly increased SL, but did not have a corresponding increase in FGS, suggesting 
that the increase in SL may not have been productive (i.e., the increase may have been so large as to reduce 
stability, resulting in a reduction in gait efficacy). Conversely, when training with PT assistance in the NE 
condition, Subject 1 improved FGS despite a seemingly contradictory decrease in SL. In this case, the 
reduction in SL likely stabilized the subject, permitting an overall increase to FGS. Subject 1’s ASKE and 
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ASHE both increased when training in the NTB controller, and demonstrated mixed results (increased 
ASKE and decreased ASHE) when training in the TB controller or in the NE condition (increased ASHE 
and decreased ASKE). All increases and decreases in joint excursion exhibited by Subject 1 were small in 
magnitude, and were unlikely to have had large impacts on the subject’s overall gait. 
 
TABLE 10 
Change in Gait Variables For each Session 
  FGS Change (%) SL Change (%) ASKE Change 
(degrees) 
ASHE Change 
(degrees) 
 
Therapy 
Condition 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
 
Subject 
1 
Non-
Trajectory 
Based 
21.0 13.1 24.2 46.5 8.9 -3.1 3.7 6.3 
Trajectory 
Based 
17.7 -17.2 103.2 -18.3 5.5 -1.3 -2.2 -3.2 
Control 9.2 0.5 -30.4 -21.1 -11.7 8.5 -1.0 8.1 
  Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
 
Subject 
2 
Non-
Trajectory 
Based 
-11.41 -* -8.4 -* 13.0 -* -2.4 -* 
Trajectory 
Based 
-2.0 -5.3 -2.6 -9.7 1.1 2.8 -0.2 -0.1 
Control -61.2 41.8 -6.7 19.6 4.2 -3.3 4.7 6.0 
  Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
Session 
1 
Session 
2 
 
Subject 
3 
Non-
Trajectory 
Based 
29.9 55.6 50.0 69.3 18.9 13.72 3.1 9.1 
Trajectory 
Based 
12.0 38.8 14.4 1.0 1.2 6.0 0.2 3.6 
Control 17.4 6.7 35.0 -14.4 7.6 6.8 5.3 1.8 
 
Average 
Non-
Trajectory 
Based 
21.6 36.3 10.3 4.0 
Trajectory 
Based 
7.3 14.7 2.5 -0.3 
Control 2.4 -3.0 2.0 4.2 
*During subject 2’s second session with the non-trajectory based controller, knee joint stability 
reinforcement during stance was unintentionally active at the subject’s unaffected-side knee. This caused 
substantial issues with the subject’s balance during the session, and single-session gains for this session 
were not included in the analysis. 
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Subject 2 did not respond positively to any of the therapy conditions. The subject experienced 
decreases in FGS after training with all three of the conditions, and had similar decreases in SL when 
training with either the trajectory-based controller or the NTB controller. Only training with the NE 
condition acted to slightly increase SL, but with reduced FGS, suggesting the gain was not indicative of 
significantly improved gait. Subject 2 did, however, demonstrate a large increase in ASKE after training in 
the NTB controller, but with a corresponding small decrease in ASHE. The TB controller had little to no 
impact on the subject’s joint excursion, and the control condition had no impact on ASKE, but resulted in 
a small improvement in ASHE. The cause of Subject 2’s negative responses to all therapy conditions is 
unclear, especially in consideration of the large gains made by subjects with both longer and shorter time 
since injury, and faster and slower initial gait speeds. These results make a comparison of controller efficacy 
ill-posed for this subject (none appear to have improved the subject’s gait), and additionally suggest that 
overground gait training may not be effective for this subject. 
Improvements exhibited by Subject 3 showed agreement with Subject 1 in that both FGS and SL 
experienced the largest gains with the NTB controller, reduced gains with the TB controller, and the 
smallest gains in the NE condition. The largest gains in ASHE and ASKE were made with the NTB 
controller as well, while the NE condition produced reduced gains, and the TB controller produced the 
smallest gains. Overall, Subject 3 made the largest gains in all outcome measures when training with the 
NTB controller.   
In spite of the equivocal results from Subject 2, when averaged across all subjects, the NTB 
controller provided statistically significant improvements in ASKE and ASHE relative to the TB controller 
(based on paired t-tests with 90% confidence). The NTB controller also provided improvements in mean 
values relative to the TB controller in FGS and SL, although perhaps due to the limited number of subjects 
and trials, the differences were not statistically significant. Relative to the NE condition, the NTB controller 
provided statistically significant improvements in SL and ASKE (based on paired t-tests with 90% 
confidence). The NTB controller also provided improvements in the mean value of FGS, although the 
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differences were not statistically significant. Relative to the NE condition, the TB controller provided a 
statistically significant decrease in ASHE (i.e., was less effective than the NE condition), while providing 
no statistically significant differences in the other gait metrics.  
Based on these outcomes, it appears that an exoskeleton intervention using a non-trajectory-based 
control approach may offer greater recovery benefit than walking without an exoskeleton (specifically with 
respect to promoting greater joint excursions), while walking in an exoskeleton employing a trajectory-
based control approach may not offer benefit relative to overground training without an exoskeleton. Given 
the statistical limitations of this study, however, in combination with the high-degree of heterogeneity in 
the study population, the confidence with which one can draw strong conclusions is limited. Further studies 
consisting of randomized controlled trials with larger number of patients with substantially greater dosing 
and measuring cumulative effects will be required in order to assess the validity of these observations.  
Regardless, the single-session study results do indicate, as hypothesized, that a controller that permits the 
patient to dictate the spatiotemporal nature of gait may better facilitate recovery of gait, at least in the short 
term. Among other observations, the results indicate that the manner with which an exoskeleton physically 
interacts with a patient may have a significant effect on recovery outcomes (i.e., the control approach 
matters). 
 
Conclusion 
 
This paper presents a small study comparing the extent to which two exoskeleton control paradigms might 
affect walking recovery. Specifically, the study measured single-session outcomes of gait therapy, where 
the gait therapy consisted of overground walking within an exoskeleton with two different control 
paradigms. One control paradigm dictated the spatiotemporal nature of joint movement (i.e., dictated joint 
movement completely) in the paretic limb, while the other control paradigm provided assistive torques, but 
did so without dictating joint motion. Outcomes from both cases were also compared to overground gait 
training without an exoskeleton. Results of the study indicate that overground gait training with an 
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exoskeleton is most effective when the exoskeleton controller does not dictate joint motion (i.e., employs a 
non-trajectory-based controller), in which case the exoskeleton provides significantly better results than 
overground training without an exoskeleton. Further, use of an exoskeleton with a trajectory-based 
controller appears to provide no better outcomes than walking without an exoskeleton. As such, although 
preliminary, the results of this study indicate that the manner in which an exoskeleton is controlled may 
have a significant effect on the efficacy of the device in providing gait recovery in individuals with lower-
limb hemiparesis.   
ADDENDUM 
 
The crossover nature of the study reported in Manuscript IV is of particular importance in that it permitted 
a precise analysis of the differences between control methods without the potentially confounding effects 
of different hardware. By implementing both control methods on the Indego exoskeleton, device weight, 
device sensor considerations, device number of actuated joints/degrees of freedom, device conformance to 
the user’s body, etc. are all kept constant such that any differences in outcome can be attributed with a high 
degree of certainty to NTB vs. TB control. Had the TB controller been implemented on the HAL 
exoskeleton or Lokomat, for instance, any observed differences might have been clouded by these 
considerations. Furthermore, the use of the XSENS motion capture system permitted a deeper analysis of 
user gait than was possible in the study presented as Manuscript III. For example, while a subject’s gait in 
the exoskeleton could be captured during the Manuscript III experiment, comparison to the same subject’s 
gait outside the exoskeleton was impossible. With the XSENS system we were able to capture a full profile 
of a subject’s gait for comparison. Although not included with the submitted Manuscript IV, the figure 
below is of interest in that it demonstrates the ability of both exoskeleton controllers to increase joint 
excursion while wearing the exoskeleton. The ultimate goal in gait training is to produce alterations in gait 
which remain after removing the RAGT system, but this figure clearly indicates increased joint excursion 
(and prevention of hyper extension in the stance knee), suggesting that the device is largely assistive, rather 
than resistive.  
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Figure 4.7. Graphs depict subject 1’s affected-side hip (a.) and knee (b.) angles when walking without use 
of the exoskeleton (green), when walking with the trajectory based controller (red), and when walking with 
the non-trajectory based controller (blue), each averaged over 10 consecutive strides. The next row of 
graphs compares the hip torque (c.) and knee torque (d.) produced by the exoskeleton throughout the gait 
cycle. The final row compares hip (e.) and knee (f.) power. Note that while both controllers achieve the 
goals of increasing hip and knee excursion and preventing knee hyperextension during stance, the torque 
and power profiles for the trajectory based and non-trajectory based controller differ significantly. In 
particular, the non-trajectory based controller provides positive power in most instances, but negative power 
at the hip during late swing and at the knee during mid stance, while the trajectory based controller provides 
almost exclusively positive power.   
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It is also worth mentioning that all subjects who participated in this test were considered to be in 
the “chronic” phase of recovery from CVA (i.e. more than 6 months post incident). This is important as it 
indicates that these subjects were not expected to undergo any spontaneous recovery over the six-week 
course of the experiment. Indeed, although the study was too small in scope to make claims about retention 
of improvements, the two subjects who did respond positively to training in any of the conditions made 
substantial gains in their gait speed by week six. Subject 1 had an average 10 meter walk test (10MWT) 
time of 18.5 seconds prior to training in week 1 and improved to 10.9 seconds prior to training in week 6. 
Subject 3 had a similar improvement, reducing 10MWT time from 37.1 prior to training in week 1 to 21.3. 
This indicates that over the course of the training, persistence of effect was observed. Whether these gains 
would be maintained six months post-training is unclear.  
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CHAPTER VI 
 
 
CONCLUSION AND FUTURE WORK 
 
This dissertation presents the development of an exoskeleton controller which does not operate on a 
trajectory basis. The controller has been tested for efficacy in restoring gait functionality in patients 
recovering from CVA. The document begins by walking through the initial work performed to demonstrate 
that the passive dynamics of the exoskeleton could be minimized with active compensation. A second 
manuscript was then presented which detailed work in developing a new method of measuring task 
engagement in a multi-limb-coordinated motor-learning paradigm. The results revealed a statistically 
significant correlation between a set of physiological signals and the difficulty level of the task. Control 
data supported the hypothesis that these increases were related to mental engagement and not physical 
exertion. Following this, a manuscript was presented which detailed the full development of the non-
trajectory-based (NTB) controller, which included some exoskeleton gravity compensation, user limb-
weight compensation, joint stability reinforcement, and feedforward assistive torque components, none of 
which rely on a dictated trajectory to function. Data collected from a preliminary study of the controller’s 
effects on patients recovering from CVA supported the hypothesis that a NTB controller was capable of 
facilitating gait recovery when implemented in an overground exoskeleton.  Finally, in order to offer context 
for the single-session improvements measured in these experiments, a second preliminary study was 
performed in order to compare the effects of a trajectory based (TB) controller, conventional overground 
therapy (CT) with physical therapist assistance, and the novel NTB controller. The collected data support 
the hypothesis that a NTB controller better facilitates the recovery of gait functionality in subjects 
recovering from CVA. At this point, data have been collected from six subjects with a range of impairment 
levels from hemiparesis. The NTB controller has demonstrated the ability to produce single-session gains 
which appear to be greater in magnitude than gains made when training with a TB controller or when 
participating in CT with a skilled physical therapist.  
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The ultimate goals in gait rehabilitation are twofold. First, it is necessary to improve the gait of the 
recovering patient in a meaningful way, and second, it is necessary to ensure that those gains are maintained 
in the long term. This dissertation has accomplished the first goal, demonstrating the NTB controller’s 
ability to produce gains in the gait parameters of subjects recovering from CVA. The long term persistence 
of these gains remains to be demonstrated, and is perhaps the most important goal of future studies of the 
controller. As noted by post-doctoral researcher Brian E. Lawson, Ph.D, in his doctoral thesis, validation 
of research on the scale of large randomized controlled trials is typically outside the scope of our lab, the 
Vanderbilt Center for Intelligent Mechatronics [100]. However, the next steps in evaluating the efficacy of 
this controller require such testing. The first experiment which should be performed is a study of cumulative 
effects when a small number of subjects participate in exoskeleton therapy multiple times per week for 
multiple weeks. This will determine whether the single-session gains quickly plateau, or whether they 
continue to improve gait functionality. This test should be performed with a small number of selected 
candidates, rather than a large pool of subjects.  
Following the study of cumulative effects, it will be necessary to perform an RCT study. The 
exoskeleton project has benefitted greatly from the commercialization of the Indego exoskeleton. The NTB 
controller has been licensed by Parker Hannifin and is currently being considered for commercial hardening 
as a potential control method for the Indego exoskeleton. This will require a clinical trial which will permit 
analysis of the effects of long-term dosing with the controller (i.e. multiple sessions per week for several 
weeks) as well as improvement retention after the conclusion of training (via follow-up sessions). This 
work will definitively establish whether the NTB controller is capable of producing improved functional 
outcomes in patients recovering from CVA. If the results of such a trial are positive, the controller may 
have a significant impact on patients undergoing gait rehabilitation.  
 The results of a large-scale clinical trial await, but the results of the preliminary studies of the NTB 
controller are in and of themselves an accomplishment. Prior to this work, no controller for overground 
exoskeletons had been developed which did not operate on a trajectory basis. The goal of much of the 
research found in the literature is not to move away from a trajectory basis of control, but rather to alter the 
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method of trajectory enforcement or trajectory generation. The non-trajectory-based controller presented in 
this dissertation has presented an entirely novel philosophy for exoskeleton control. Whether this 
philosophy proves to greatly change the prognosis for the thousands of people recovering from CVA 
remains to be seen.  
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